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ABSTRACT
Coastal regions and estuaries are particularly sensitive to the increase in nutrient
loading and river runoff, threatening the ecosystems with possible spreads in harmful
algal blooms (HABs). As an example, blooms of toxic Pseudo-nitzschia species can
release acute concentrations of the neurotoxin domoic acid (DA) in the water column.
When ingested at concentrations higher than 20 ppm, DA can cause the death of marine
birds, marine mammals and even humans. The main objectives of my research were to
determine the drivers of Pseudo-nitzschia abundance and toxicity and to assess how these
drivers influenced the phytoplankton community structure and DA allelopathy. Through
multiple bioassays using water collected from two sites, North Inlet (high salinity,
nutrient deplete) and Winyah Bay (low salinity, nutrient replete), links between the
environmental factors and Pseudo-nitzschia abundances and toxicity were investigated.
Subsequent experiments determined the influence of salinity on DA allelopathy. Finally,
the impact of moderate loadings of nitrate and phosphate on Pseudo-nitzschia abundance,
DA allelopathy and on the entire phytoplankton community composition were examined.
The major conclusions of this research are:
1. In North Inlet, increases in Pseudo-nitzschia abundance and toxicity were driven
by low temperatures and high salinity. In Winyah Bay, Pseudo-nitzschia cells
were present but had difficulties acclimating to low salinities.
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2. DA allelopathy was more effective on salinity-stressed cells (i.e. high salinity in
North Inlet, low salinity in Winyah Bay).
3. Although the addition of nutrients enhanced Pseudo-nitzschia abundance, it
decreased the effect of DA on natural phytoplankton communities and mitigated
the influence of salinity on DA allelopathy.
4. Significant shifts in the phytoplankton community composition with the addition
of nutrients were observed although the threshold of 40 µg chl a l-1 wasn’t
reached. But no shift towards a particular group was established.
My findings highlight how environmental factors such as salinity and nutrients
can play important roles on Pseudo-nitzschia abundance as well as on DA allelopathy by
alleviating or exacerbating its effect. Furthermore, with a possible increase in HABs due
to eutrophication, my results demonstrate the ecological risk of using a subjective chl a
concentration based on total phytoplankton biomass for water quality criteria. Relative
abundances of algal groups and species should be included to be able to identify harmful
species.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 BACKGROUND
Harmful algal blooms
Responsible for roughly 50% of the total annual production of the Earth’s oxygen,
microalgae are one of the most important marine microscopic organisms. Although the
majority of phytoplankton species is harmless to the environment and the human health,
2% of the described phytoplankton species are toxigenic and can form harmful algal
blooms (HABs) (Granéli and Turner, 2006). HABs were first observed in 1770; Captain
James Cook observed a “brown scum” on the sea along the Australian coast. In 1832,
Charles Darwin described the water of Chile as “a pale reddish tint and, examined under
a microscope, was seen to swarm with minute animalculae darting about and often
exploding. Their shape is oval and contracted in the middle by a ring of vibrating curved
ciliae.” (The Voyage of the Beagle, Galtsoff, 1949; Granéli and Turner, 2006).
HAB events are commonly associated with the proliferation of microalgae
discoloring the water and releasing phycotoxins in the water column (e.g. the
dinoflagellate Karenia brevis, the cyanobacterium Microcystis aeruginosa) with huge
impacts on human economy and health (Granéli and Turner, 2006). Phycotoxins can
cause illnesses and/or the death of humans and aquatic organisms (e.g. marine birds,
marine mammals) through the ingestion of contaminated fish and shellfish (Van Dolah,
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2000). The development of new tools (e.g. PCR, flow cytometry) enables the
characterization of new phycotoxins and new HAB species as well as a better control and
prediction of dense HABs (Seltenrich, 2014).
Pseudo-nitzschia
HAB species thrive in both benthic and pelagic environments, marine and
freshwater, and range in size from cyanobacteria (<2 µm) to dinoflagellates and diatoms
(up to 200 µm). Particularly, a cosmopolitan diatom genus, Pseudo-nitzschia, can cause
severe problems in the environment. Species of Pseudo-nitzschia (20-100 µm) are found
worldwide at wide ranges of temperature and salinity. Some species have been identified
in the North Pacific and Antarctic waters, but most have been characterized in coastal
regions (Marchetti et al., 2006; Trainer et al., 2012). In the United States, toxic Pseudonitzschia blooms predominantly occur along the west coast, such as the Santa Barbara
Basin (Sekula-Wood et al., 2011), but some have also been reported on the east coast,
especially in the Gulf of Maine (Fernandes et al., 2014) and in the Chesapeake Bay
(Anderson et al., 2010). Although mostly non-toxic, blooms of Pseudo-nitzschia have
also occurred along the coasts of North and South Carolina (Shuler et al., 2012).
Domoic acid characterization, degradation and production
To date, 23 out of a total of 48 identified Pseudo-nitzschia species can release the
neurotoxin domoic acid (DA) (Teng et al., 2016). DA (C15H21NO6) is a water soluble
tricarboxylic amino acid with four dissociation constants (pKa’s = 2.1, 3.72, 4.97, and
9.82) and eight different isomers (Wright et al., 1989; Falk et al., 1991). The structure of
DA is similar to the neurotransmitter glutamic acid, but has a stronger receptor affinity
than glutamic acid. Thus, it causes the depolarization of neurons and their death (Todd,
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1993). With a lower receptor affinity, DA isomers have a significant lower toxicity
compared to DA (Sawant et al., 2007; 2010).
DA is able to intoxicate marine birds and marine mammals through
bioaccumulation in fish, shellfish and crustaceans (Perl et al., 1990; Mos, 2001; Trainer
et al., 2012). In humans, it causes amnesic shellfish poisoning (ASP) with acute
symptoms such as dizziness, short-term memory loss and seizures (Todd, 1993; Jeffery et
al., 2004). A regulatory limit of 20 µg DA g-1 of tissue was applied after 153 people
presented symptoms of strong intoxication in 1987 (Wright et al., 1989; Thessen and
Stoecker, 2008). The accumulation of DA in filter feeders can be through the direct
consumption of Pseudo-nitzschia as well as through the ingestion of DA present in the
water column (Liu et al., 2008; Visciano et al., 2016). During a bloom of toxigenic
Pseudo-nitzschia, the concentration of dissolved DA (dDA) ranges from 1 to 30 ng ml-1
in the water column (Bargu et al., 2011) but can reach up to 980 ng ml-1 during
extraordinary bloom such as the one that occurred along the west coast of the U.S. in
2015 (McCabe et al., 2016; Kudela, 2017).
Once in the water column, photodegradation is thought to be the major sink of
dDA (Bouilllon et al., 2006). In filtered seawater and deionized water, 75% of dissolved
DA were degraded after 22 hours of exposure to full spectrum light (Bates at al., 2003;
Bouillon et al., 2006). However, light intensity exponentially decreases in the water
column and becomes inconsequential with depth. Furthermore, with an absorption
wavelength of λ = 242 nm, DA degradation occurs under UV light which barely
penetrates the ocean surface (Bouillon et al., 2006). This was confirmed by studies in
which DA whether in dissolved or particulate forms, was measured in deep waters, in
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sediment traps as well as in marine snow (Sekula-Wood et al., 2011; Schnetzer et al.,
2017). Stewart et al. (2008) suggested a possible bacterial degradation of DA in Pseudonitzschia multiseries cultures. In cultures of toxigenic Pseudo-nitzschia fraudulata, the
transplantation with the bacterial community of the non-toxic species Pseudo-nitzschia
pungens stopped the production of DA. This was attributed to a possible consumption of
DA by the bacterial consortium of P. pungens (Sison-Mangus et al., 2014).
In Pseudo-nitzschia cultures, the introduction of a foreign bacterial community
into the medium can also trigger the production of DA (Bates et al., 1995; Sison-Mangus
et al., 2014). Changes in nutrient concentrations and/or pH also induce stress to Pseudonitzschia cells, which can suddenly stop or trigger the production of DA. Stress can occur
in depleted nutrient conditions (nitrate, ammonium, phosphate, iron and silicate) as well
as in overconcentrated nutrient conditions (nitrate and ammonium) (reviewed in Lelong
et al., 2012). Nutrients are not the only factors driving Pseudo-nitzschia toxicity. A
change in temperature, light intensity and/or salinity can also enhance or mitigate
Pseudo-nitzschia abundance and the production of DA (reviewed in Lelong et al., 2012).
For example, an increase in Pseudo-nitzschia abundance with salinity was
reported in upwelling regions (Trainer et al., 2012), in the Chesapeake Bay (Thessen and
Stoecker, 2008), in the Gulf of Mexico (MacIntyre et al., 2011; Liefer et al., 2013; Bargu
et al., 2016) and in the Sea of Marmara in Turkey (Tas et al., 2016). An increase in
abundances with salinity was also observed with P. fryxelliana and P. fraudulenta in
Puget Sound (Hubbard et al., 2014), P. calliantha and P. pungens in the Sea of Marmara
in Turkey (Tas et al., 2016), P. brasiliana in the Bizerte Lagoon in Tunisia (Sahraoui et
al., 2012), P. multistriata along the Uruguayan coast (Méndez et al., 2012) and P.
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delicatissima in the English Channel (Caroppo et al., 2005; Downes-Tettmart et al., 2013)
and in Puget Sound (Hubbard et al., 2014). Positive correlations between the measured
particulate DA concentrations and salinity were also reported for few of the systems
mentioned above (Anderson et al., 2009; MacIntyre et al., 2011; Sahraoui et al., 2012;
Bargu et al., 2016; Tas et al., 2016).
Toxic Pseudo-nitzschia cells were also observed in lower salinity systems such as
the Juan de Fuca region, the San Juan Islands and the Zrmanja River Estuary (Eastern
Adriatic Sea) where salinity can be as low as 8 (Rines et al., 2002; Burić et al., 2008;
Trainer et al., 2009). Although the production of DA is often reduced in low salinity
water, relatively high concentrations of DA were measured in fresher water (Thessen et
al., 2005; Hickey et al., 2013).
The ecological reasons for the production of DA are still unknown. DA
production was primarily thought to serve as a way to release excess of photosynthetic
energy produced during terminal growth stage (Mos, 2001). DA production is also
hypothesized to compensate iron depletion as DA would bind with particulate iron Fe(III)
in the water and by oxidation would release soluble Fe(II) bioavailable for Pseudonitzschia (Rue and Bruland, 2001; Wells et al., 2005). A factor often left behind though
important for its role in regulating phytoplankton community structure, is the possible use
of DA as an allelochemical.
Domoic acid and allelopathy
Allelopathy is the release of one or more chemical substances by individuals of a
population that have either an inhibitory or a stimulatory effect on the growth, survival,
and reproduction of individuals of another population (Rice, 1984). Among most studies,
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it is defined as an inhibitory effect. In the water column, phytoplankton cells compete for
light and nutrients and allelochemicals produced by some phytoplankton enable them to
overcome their competitors (e.g. other phytoplankton species, bacteria, grazers).
The first study on microalgal allelopathy was done by Keating (1977) who
observed a correlation between a shift in microalgal community in a pond (Linsley Pond,
Connecticut) and phycotoxin concentration released by cyanobacteria. Afterward, many
studies focused on phytoplankton allelopathy mostly through culture experiments and the
importance of allelopathy in marine environments was revealed. Allelopathy can regulate
phytoplankton diversity and without it, the coexistence of two phytoplankton species on
one limited resource may not be possible (Roy, 2015). The mode of action of
allelochemicals differed from species to species; toxins can alter the shape or lyse the
target cells or inhibit the competitor’s photosynthesis by acting on the photosystem II
(reviewed in Legrand, 2003).
DA allelopathy is a controversial subject. Subba Rao et al. (1995) obtained an
allelopathic interaction between Pseudo-nitzschia pungens and the diatom Rhizosolenia
alata. Windust (1992) and Lundholm et al. (2005) studied the effect of direct addition of
dDA on several phytoplankton species but did not find a significant impact. However,
Prince et al. (2013) identified a negative allelopathic effect of DA on the growth of the
diatom Skeletonema marinoi growth in iron depleted medium. More recently, studies
have established an allelopathic effect of Pseudo-nitzschia on species of dinoflagellates,
raphidophytes, haptophytes and cryptophytes (Xu et al., 2015) as well as on the diatom
Bacillaria spp. (Sobrinho et al., 2017). Most research on allelopathy is based on mono or
co-cultures of phytoplankton in ideal conditions (i.e. replete nutrients). But microcosm
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incubations with natural phytoplankton communities are essential to understand the role
played by DA in interspecies competition.
Establishing allelopathic interactions on natural phytoplankton communities is a
real challenge. While some phytoplankton species can resist the attacks of allelopathic
compounds in some conditions, altering these conditions may weaken the phytoplankton
strategies and make them more vulnerable to allelopathy (Prince et al., 2008).
Inconstancies in the phytoplankton response to allelochemicals in natural environmental
are common with allelopathy being mitigated by environmental factors as well as by
competitors (Prince et al., 2008; Poulston-Ellestad et al., 2014). Abiotic and biotic factors
can influence allelopathy with nutrient concentrations in the water column one of the
most important (Granéli et al., 2008). Studies, whether field observations or culture
experiments, have demonstrated a higher allelopathic activity in nutrient depleted
conditions (reviewed in Granéli et al., 2008). Even anthropogenic nitrogen and
phosphorus inputs can lead to unbalanced N:P ratios, with whether N or P as the limited
source for phytoplankton growth. In this case, phytoplankton species releasing
phycotoxins have an advantage to thrive by eliminating competitors (Granéli et al., 2008;
Peñuelas et al., 2013).
Pseudo-nitzschia abundance and toxicity with nutrients
Nutrient loading can lead to the spread of toxic blooms of Pseudo-nitzschia. This
was confirmed by sediment records demonstrating a positive correlation between the
abundance of Pseudo-nitzschia and nitrogen fluxes (Parsons et al., 2002). Furthermore,
along the west coast of the United States an unprecedented Pseudo-nitzschia bloom
appeared during a particularly warm upwelling season in 2015 (McCabe et al., 2016; Du
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et al., 2016). Along the coast of Washington, dense blooms of Pseudo-nitzschia were also
triggered by the addition of ammonium through the sewage system (Trainer et al., 2007).
Furthermore, most Pseudo-nitzschia cells have the ability to both photosynthesize
and assimilate external organic nutrients (i.e. mixotrophy). It allows them to proliferate in
low light environments concentrated in dissolved organic matter (Cochlan et al., 2008;
Burkholder et al, 2008; Flynn and Mitra, 2009; Loureiro et al., 2009). Therefore,
eutrophication through the pulses of combined phosphorus and nitrogen, whether organic
or inorganic, can be a driver of the increase in the occurrence of Pseudo-nitzschia as well
as other HAB species (Anderson et al. 2002; Heisler et al., 2008; Granéli et al., 2008).
Eutrophication
The primary symptom of eutrophication is an increase in chlorophyll a (chl a)
concentrations (Whitall et al. 2007) and many agencies select an arbitrary chl a
concentration as an indicator of eutrophic conditions, commonly 40 µg chl a l-1
(https://www.epa.gov). However, this concentration limit may not be an ecologically
sound regulation parameter as it only takes into account the total phytoplankton biomass,
not the state of the phytoplankton community structure (Ferreira et al., 2011; Glibert
2017). Several studies have demonstrated that the addition of nutrients resulted in shifts
in phytoplankton communities towards cyanobacteria, dinoflagellates and mixotrophic
species (Anderson et al. 2002; Heisler et al. 2008; Reed et al. 2016; Caron et al. 2017).
But few of them have determined if significant shifts in the phytoplankton community
composition occur at chl a concentrations lower than the common regulatory limit.
1.2 THESIS OBJECTIVES
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In the second chapter, I examined the effect of salinity in the Pseudo-nitzschia
abundance and toxicity from a nutrient depleted site (North Inlet, SC). I also investigated
the possible allelopathic effect of DA on the phytoplankton community composition
through multiple bioassays with direct additions of dDA. The influence of several
environmental factors and particularly salinity in the allelopathic effect of DA was
established. In the third chapter, I determined the role of river and nutrient inputs on the
Pseudo-nitzschia abundance and toxicity from two sites through multiple bioassays with
direct additions of dDA. The first site was a low salinity site (Winyah Bay, SC) and the
second one was a high salinity site in which I added nutrients simultaneously with DA
(North Inlet, SC). The influence of salinity on DA allelopathy was also examined for both
sites. In the final chapter, I investigated the effect of nutrient loading on the
phytoplankton community composition as well as on the phytoplankton size at a total chl
a concentration lower than the regulatory limit 40 µg l-1.
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CHAPTER 2
THE INFLUENCE OF SALINITY IN THE DOMOIC ACID EFFECT ON
ESTUARINE PHYTOPLANKTON COMMUNITIES1
2.1 ABSTRACT
Toxic species of the diatom genus Pseudo-nitzschia, observed worldwide from
coastal waters to the open ocean, produce the neurotoxin domoic acid (DA). DA is an
important environmental and economic hazard due to shellfish contamination with
subsequent effects on higher trophic levels. Previous research has demonstrated that,
among other environmental factors, salinity influences the abundance and toxicity of
Pseudo-nitzschia. In this study, the environmental factors driving the growth of Pseudonitzschia and the production of dissolved DA (dDA) in North Inlet estuary were
examined. The effect of salinity on the growth inhibition of phytoplankton induced by the
initial presence as well as by an addition of dDA was also assessed. Initially, the diatom
abundance was negatively correlated with the abundance of Pseudo-nitzschia and with
the concentration of dDA. With the addition of a concentrated solution of dDA, the
percent inhibition of cryptophytes and diatoms was significantly correlated with salinity
and suggested a higher sensitivity to dDA at extreme salinities. These results emphasize
the importance of salinity in assessing the properties of DA and potentially of other
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Van Meerssche, E. and J.L. Pinckney. 2017. Harmful Algae. 69: 65-74.
Reprinted here with permission of publisher
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phycotoxins on phytoplankton.
2.2 INTRODUCTION
Domoic acid (DA), produced by toxic species of the diatom genus Pseudonitzschia, is a water-soluble tricarboxylic amino acid with a structure similar to that of the
neurotransmitter glutamate (Wright et al., 1989). Because of its stronger receptor affinity,
DA activates glutamate receptors and causes the depolarization and death of neurons
(Bejarano et al., 2008). Thus, through consumption of contaminated fish and shellfish at
concentrations higher than 20 µg g-1 of tissue, DA can cause severe amnesic shellfish
poisoning (ASP) symptoms and can lead to the death of marine mammals, marine birds
and even humans (Wright et al., 1989; Todd, 1993; Pulido, 2008). Due to its major
environmental and health impacts, the influence of multiple factors (nutritional,
physiological, physical and biological) on the development of Pseudo-nitzschia blooms
and their associated toxicity have been thoroughly studied (reviewed in Lelong et al.,
2012).
Pseudo-nitzschia is a ubiquitous genus with species capable of growing at
salinities ranging from 1 to over 35 and at temperatures between -1.5°C and 30°C (Bates
et al., 1998; Thessen et al., 2005). Although most species were identified in coastal
regions, some species have been isolated from the North Pacific and Antarctic waters
with cells capable of heterotrophy by assimilating organic nitrogen (Marchetti et al.,
2006; Loureiro et al., 2009; Trainer et al., 2012; Lelong et al., 2012). Therefore, different
combinations of multiple environmental factors can result in blooms of toxic Pseudonitzschia. However, differing species and strains within the same Pseudo-nitzschia bloom
with different physiological, physical and chemical preferences such as temperature,
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light, and macronutrient concentrations make it difficult to predict Pseudo-nitzschia
blooms and toxicity (Lundholm et al., 1997; Lelong et al., 2012; Kim et al., 2015).
For example, an increase in the abundance of Pseudo-nitzschia with salinity was
reported in upwelling regions (Trainer et al., 2012), in the Chesapeake Bay (Thessen and
Stoecker, 2008), in the Gulf of Mexico (MacIntyre et al., 2011; Liefer et al., 2013; Bargu
et al., 2016) and in the Sea of Marmara in Turkey (Tas et al., 2016). Although Pseudonitzschia multiseries and P. pungens abundances presented different outcomes in relation
to salinity depending on the region (Méndez et al., 2012; Downes-Tettmar et al., 2013;
Hubbard et al., 2014; Tas et al., 2016), an increase in abundances with salinity was
observed with P. fryxelliana and P. fraudulenta in Puget Sound (Hubbard et al., 2014), P.
calliantha and P. pungens in the Sea of Marmara in Turkey (Tas et al., 2016), P.
brasiliana in the Bizerte Lagoon in Tunisia (Sahraoui et al., 2012), P. multistriata along
the Uruguayan coast (Méndez et al., 2012) and P. delicatissima in the English Channel
(Caroppo et al., 2005; Downes-Tettmar et al., 2013) and in Puget Sound (Hubbard et al.,
2014). These species may be osmoadaptated and tolerate hyperosmotic conditions (Kirst
et al., 1989). However, phytoplankton species are not only regulated by salinity but also
by temperature, light and nutrients, therefore other environmental factors may also
influence the abundance of Pseudo-nitzschia in these regions.
In upwelling regions, the Chesapeake Bay and the Gulf of Mexico, blooms were
also stimulated by low temperature and high nutrient concentrations particularly silica
and nitrogen, which was also observed in Puget Sound where the abundance of P.
fryxelliana, P. delicatissima and P. fraudulenta was negatively correlated with
temperature (Thessen and Stoecker, 2008; MacIntyre et al., 2011; Trainer et al., 2012;
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Liefer et al., 2013; Hubbard et al., 2014; Bargu et al., 2016). However, a positive
correlation between the abundance of Pseudo-nitzschia spp. with temperature (Méndez et
al., 2012; Downes-Tettmart et al., 2013; Tas et al., 2016) as well as a negative correlation
with nutrient concentrations (Sahraoui et al., 2012; Tas et al., 2016) were observed in
other regions. Only a few locations and studies noticed the same combination of
environmental factors to explain the growth of Pseudo-nitzschia. This is also true with
the measurement of DA concentrations, mostly particulate DA.
Positive correlations between the measured particulate DA concentrations and
salinity were reported for many systems (Anderson, 2009; MacIntyre et al., 2011;
Sahraoui et al., 2012; Bargu et al., 2016; Tas et al., 2016). In the Gulf of Mexico, a
positive correlation with dissolved inorganic carbon (DIC) and silicate concentrations as
well as a negative correlation with temperature were also observed (MacIntyre et al.,
2011; Bargu et al., 2016). On the opposite, Tas et al. (2016) established a positive
correlation with temperature and a negative correlation between particulate DA with
nutrient concentrations in the Sea of Marmara in Turkey. However, the ecological reason
for DA production remains unknown.
DA has been hypothesized to have allelochemical properties (i.e. the positive and
negative effects of a toxin produced by a phytoplankton species on other phytoplankton
species) allowing Pseudo-nitzschia to dominate the water column and overcome the other
microalgal competitors. This has been the focus of culture-based studies that resulted in
an absence of allelopathic effect by a direct addition of DA in different monocultures of
phytoplankton groups including a few species of diatoms, prymnesiophytes,
euglenophytes, dinoflagellates, raphidophytes, prasinophytes, and cryptophytes (Windust,
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1992; Lundholm et al., 2005). An allelopathic effect was suggested in co-cultures of P.
multiseries and Chrysochromulina ericina but the growth inhibition of the
prymnesiophyte was demonstrated to be due to a slight change in pH and not to the
released DA (Lundholm et al., 2005). More recently, Xu et al. (2015) established an
allelopathic effect of P. multiseries and P. pungens on species of dinoflagellates,
raphidophytes, haptophytes and cryptophytes but also concluded that it was not caused by
DA. These experiments were performed with mono- or co-cultures under optimal
conditions, conditions that rarely occur in the ocean (Windust, 1992; Subba Rao et al.,
1995; Lundholm et al., 2005; Xu et al., 2015). Prince et al. (2013) partially modified the
culture medium to have iron concentrations similar to those encountered in the field and
observed a slight but significant growth inhibition of the monocultured Skeletonema
marinoi induced by a DA addition in iron depleted medium. However, when co-cultured
with P. delicatissima in iron-replete conditions, the addition of DA increased the
abundance of P. delicatissima at the expense of the abundance of Skeletonema marinoi
suggesting a bond between DA and iron, which thus became unavailable for Skeletonema
marinoi (Rue and Bruland, 2001; Maldonado et al., 2002; Prince et al., 2013). Therefore,
other physical and/or chemical factors could also influence the effect of DA on
phytoplankton cells.
In this study, the influence of different environmental factors on the initial
abundance and toxicity of Pseudo-nitzschia was examined. Their role on the inhibitory
and stimulatory effects of the initial dissolved DA (dDA) in the water column and of the
addition of a highly-concentrated solution of dDA on an estuarine phytoplankton
community (North Inlet, South Carolina) was also assessed. This study was aimed to
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better anticipate toxic blooms of Pseudo-nitzschia and DA levels, and to predict their
associated effects on the phytoplankton community. Particularly, DA was hypothesized
to be used as an osmolyte by Pseudo-nitzschia cells, allowing them to outcompete the
other phytoplankton species at high salinity (Doucette et al., 2008). Therefore, the other
phytoplankton cells, stressed at high salinity, might be more sensitive to dDA and be
inhibited by an addition of a concentrated dDA solution.
2.3 MATERIALS AND METHODS
Study sites
North Inlet, located in a National Estuarine Research Reserve near Georgetown,
South Carolina (Fig 2.1), is a pristine bar-built estuary characterized by low freshwater
input and high flushing rates. The estuary is subjected to strong tidal forces bringing salt
water into the inlet, with salinity ranging from 15 to 35 (Dame et al., 1991). Because of
the influence of a temperate subtropical climate, the water temperature varies from 8°C to
30°C and precipitation averages 130 cm yr-1 with maximum rainfall reached during
summer (Dame et al., 1991; Sea Grant Consortium, 1992; Allen et al., 2014). The
concentrations of orthophosphate, nitrate + nitrite and ammonium average 0.03 µmol l-1,
0.55 µmol l-1 and 1.73 µmol l-1 respectively (Wolaver et al., 1984; Sea Grant Consortium,
1992). The concentration of silicate is usually over 25 µmol l-1, therefore silicate is not
considered as a limited nutrient in North Inlet (White et al., 2004; Wetz et al., 2006).
Diatoms are the dominant phytoplankton group in the estuary with seasonally variable
contributions of cryptophytes, cyanobacteria, chlorophytes, euglenophytes and
dinoflagellates (Lawrenz et al., 2013; Allen et al., 2014).
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Bioassays
Water samples from North Inlet (Clambank Landing; 33.3500°N, 79.1902°W)
were collected monthly in a 10-liter carboy from May to November 2016 during high tide
(Fig 2.1). Volumes of 250 ml of water were transferred into 3 control and 3 treatment
square Nalgene polycarbonate clear bottles. Ten ml of an initial 10-µg DA ml-1 solution,
obtained by dissolving 5 mg of DA (Sigma-Aldrich cat. no. D6152) in 500 ml of high
purity de-ionized water, were added to the treatment bottles to reach a final concentration
of 400 ng DA ml-1. This dissolved DA (dDA) concentration approximates the calculated
maximum concentration possible during a toxic Pseudo-nitzschia bloom in the field (i.e.,
300 ng DA ml-1) (Lundholm et al., 2005).
Samples were incubated in outside water tables covered by two layers of
fiberglass screen to simulate in situ temperature and irradiance for 2 days, an incubation
time adjusted from Gordon et al. (2015) and Pinckney et al. (2017). Salinity (portable
refractometer) and temperature were measured at the beginning of each incubation, and
pH (Orion, model 250A) was monitored at the beginning and at the end of each bioassay.
Analyses
Monthly cumulative rainfall and photosynthetically active radiations (PAR) were
recorded at the Winyah Bay-North Inlet weather station and data were retrieved from
http://cdmo.baruch.sc.edu.
To measure the initial nutrient concentration, 50 ml of water from the 10-l carboy
were collected and to measure the final concentrations, 15 ml from each triplicate were
combined. Water was filtered through a 25-mm dia. Whatman GF/F glass fiber filter and
stored in polyethylene Nalgene bottles at –20°C until nutrient analysis. Ammonium,
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nitrate + nitrite and orthophosphate concentrations were determined with a Lachat
Quikchem 8000T autoanalyzer according to photometric methods (Johnson and Petty
1983; Grasshoff et al. 1999). Dissolved inorganic nitrogen (DIN) was calculated as the
sum of nitrate, nitrite and ammonium concentrations, and dissolved inorganic phosphorus
(DIP) was considered equal to the orthophosphate concentration. The ratios of each
macronutrient and pH between the treatment and the control bottles were calculated
following the equation:
𝑋 𝑟𝑎𝑡𝑖𝑜 =

𝑋𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑋𝑐𝑜𝑛𝑡𝑟𝑜𝑙

where X is the final macronutrient concentration or the final pH value.
To measure the initial photopigment concentrations, triplicates of 100 ml of water
from the 10-l carboy were collected and to measure the final concentrations, 100 ml from
each triplicate were collected. Water was filtered through a 25-mm dia. Whatman GF/F
glass fiber filter under gentle vacuum. The filters were transferred into 2-ml
microcentrifuge tubes and stored at –80°C until photopigment analysis with high
performance liquid chromatography (HPLC) following the method from Pinckney et al.
(1996). The photopigment concentrations were examined with the CHEMTAX program
(v. 1.95) (Mackey et al., 1996) to determine the absolute abundance of major
phytoplankton groups (in µg chl a-1) using the convergence procedure outlined by Latasa
(2007) to minimize errors in algal group biomass. The initial pigment ratio matrix was
derived from two coastal phytoplankton matrices (Schlüter et al., 2000; Lewitus et al.,
2005). Photopigments from each experiment were analyzed separately and provided the
abundance of cyanobacteria, euglenophytes, chlorophytes, prasinophytes, dinoflagellates,
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cryptophytes, and diatoms. Because dinoflagellates and prasinophytes were detected in
very low abundances, they were excluded from further analysis.
In each sample, the percent inhibition of the different phytoplankton groups was
calculated with the following equation:
% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 (1 −

𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑐𝑜𝑛𝑡𝑟𝑜𝑙

To identify the initial phytoplankton community, 40 ml of water from the 10-l
carboy were collected, and to identify the community at the end of each experiment 10 ml
from each triplicate were combined. After settling each sample preserved with Lugol’s
iodine for a minimum of 6 h in a 10-ml chamber, a minimum of 400 cells were counted,
using an inverted light microscope at x 200 and x 400 magnifications (Nikon Eclipse
TS100) (Lund et al., 1958). The genera Chaetoceros, Cylindrotheca, Skeletonema,
Rhizosolenia, Pseudo-nitzschia and unknown centric diatoms were the most abundant.
Other diatoms included the genera Thalassosira, Thalassionema, Leptocylindrus,
Asterionellopsis, Guinardia and Pleurosigma, with each genus representing less than
10% of the total diatom abundance in all samples. Although the identified species were
the same month to month, the contribution of each species to the total community was
different (Table 2.1). The abundances of Pseudo-nitzschia measured at the beginning and
at the end of each experiment (control and dDA additions) were summarized in table 2.7.
At the beginning and at the end of each experiment, triplicates of 150 µl were
transferred to a 96 microwell plate for the total cell abundance analysis (Guava flow
cytometer, Millipore). The percent growth inhibition was calculated with the following
equations:
𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 (𝑝𝑒𝑟 𝑑𝑎𝑦) =

ln(𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑡𝑓𝑖𝑛𝑎𝑙 − 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑡0 )
2
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% 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 (1 −

𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒𝑐𝑜𝑛𝑡𝑟𝑜𝑙

Concentrations of dDA were measured before any addition of dDA, right after the
addition of dDA and at the end of each experiment. To measure the initial dDA
concentration, 10 ml of water from the 10-l carboy were collected, and to measure the
concentration just after the addition of dDA and at the end of each experiment, 2 ml from
each triplicate were combined. Samples were filtered through a 25-mm dia. Whatman
GF/F glass fiber filter and stored at –20°C in amber polyethylene Nalgene bottles until
dDA analysis. Only dissolved DA was analyzed; no particulate DA was measured. The
samples were prepared following the Biosense protocol and analyzed with enzyme-linked
immunosorbent assay (ASP cELISA) kits from Biosense (Kleivdal et al., 2007). The
remaining dDA after the 2-day incubations was calculated following the equation:
𝑑𝐷𝐴 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 =

𝑓𝑖𝑛𝑎𝑙 𝑑𝐷𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝐷𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

The released DA (rDA) by Pseudo-nitzschia cells (in ng DA cell-1) was calculated using
the equation:
𝑟𝐷𝐴 =

𝑓𝑖𝑛𝑎𝑙 𝑑𝐷𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑓𝑖𝑛𝑎𝑙 𝑃𝑠𝑒𝑢𝑑𝑜 𝑛𝑖𝑡𝑧𝑠𝑐ℎ𝑖𝑎 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒

All homogenous and normally distributed data were analyzed using parametric
tests (single and multifactor ANOVAs). All statistical analyses and Pearson’s correlation
tests were completed using SPSS Software 24.0 (IBM Corporation, Armonk, NY) and
principal component analyses (PCA) were performed using Origin (OriginLab,
Northampton, MA).
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2.4 RESULTS
Initial environmental factors and Pseudo-nitzschia abundances
The Pseudo-nitzschia abundance was maximum in May with 1032 cell ml-1
corresponding to the highest dDA concentration recorded with 1.21 ng ml-1. In May,
salinity was relatively high (37), the phosphate concentration and the pH were maximum
with 3.94 µmol l-1 and 7.98 respectively and the ammonium concentration was the lowest
with 3.64 µmol l-1. May was also a month of drought with no precipitation (Table 2.2).
The lowest Pseudo-nitzschia abundance was observed in August with an abundance of 34
cell ml-1 and a dDA concentration of 0.12 ng ml-1. In August, pH was the lowest and the
water temperature and the ammonium concentration were maximum with 32.1°C and
4.64 µmol l-1 respectively.
The principal component analysis (PCA) with the first two components
representing 80.1% of variability indicated that Pseudo-nitzschia abundances were
associated with salinity, pH and phosphate concentrations, and were negatively related to
temperature and ammonium concentrations (Fig 2.2A). These observations were
confirmed by the Pearson’s correlation tests indicating a strong positive and significant
correlation between the initial Pseudo-nitzschia abundances with salinity (r = 0.796, N =
10, p < 0.05), with phosphate concentrations (r = 0.874, N = 10, p < 0.05) and with pH (r
= 0.959, N = 10, p < 0.05) (Table 2.3). It also indicated a strong negative and significant
correlation with temperature (r = -0.860, N = 10, p < 0.05), with ammonium
concentrations (r = -0.881, N = 10, p < 0.05), with the ratio DIN : DIP (r = -0.976, N =
10, p < 0.05) and with the initial PAR (r = -0.923, N = 10, p < 0.05).

20

The initial dDA concentration, strongly correlated with the abundance of Pseudonitzschia, was not significantly correlated with salinity but was positively correlated with
phosphate concentrations and pH (r = 0.760 and r = 0.761, N = 10, p < 0.05). However,
the released DA by Pseudo-nitzschia cells (rDA) was negatively correlated with salinity
(r = -0.792, N = 10, p < 0.01) and positively correlated with the initial nitrate + nitrite and
ammonium concentrations (r = 0.779 and r = 0.657, N = 10, p < 0.05) (Table 2.3).
The PCA also indicated that the initial diatom, chlorophyte and cryptophyte
abundances were negatively related to Pseudo-nitzschia abundances and dDA
concentrations (Fig 2.2A). Some of these observations were validated by the Pearson’s
correlation tests indicating a strong negative and significant correlation between the
abundance of cyanobacteria and dDA (r = -0.665, N = 10, p < 0.05). The diatom
abundance was negatively correlated not only with dDA (r = -0.723, N = 10, p < 0.05)
but also with the Pseudo-nitzschia abundance (r = -0.912, N = 10, p < 0.05) (Table 2.3).
Interestingly, the Rhizosolenia abundance was negatively correlated with dDA (r = 0.717, N = 10, p < 0.05) and the unidentified centric diatom abundance was negatively
correlated with both dDA (r = -0.868, N = 10, p < 0.05) and the abundance of Pseudonitzschia (r = -0.924, N = 10, p < 0.05). However, the other diatom genera including
Thalassosira, Thalassionema, Leptocylindrus, Asterionellopsis, Guinardia and
Pleurosigma were positively correlated with the abundance of Pseudo-nitzschia (r =
0.674, N = 10, p < 0.05) (Table 2.4).
Effect of dDA additions on the abundances of the different phytoplankton groups
The response to the addition of dDA was neither consistent nor significant each
month. Over the seven different incubations, most groups responded significantly only
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once to the addition of dDA and this significant response was mainly an increase in
abundance (Fig 2.3). For instance, the abundances of cyanobacteria and chlorophytes
were significantly stimulated by the addition of dDA in May (ANOVA, p < 0.01), the
abundance of diatoms was significantly enhanced in June (ANOVA, p < 0.01) and the
abundance of euglenophytes increased significantly in July (ANOVA, p < 0.05) (Fig
2.3A, B, C and E). Only the significant responses of cryptophytes differed from month to
month with a growth inhibition in May but a growth stimulation in June, July and
November (ANOVA, p < 0.05) (Fig 2.3D). Overall the total cell abundance was not
significantly altered by the addition of dDA with only a significant increase in September
and a significant inhibition in October (ANOVA, p < 0.05) (Fig 2.3F).
Influence of environmental factors on the percent inhibition of phytoplankton
The second PCA (Fig 2.2B) with the first two components representing 66.9% of
variability indicated that the percent inhibition of diatoms and the total percent growth
inhibition were associated with the remaining dDA and salinity. It also suggested that the
percent inhibition of cryptophytes was positively related with salinity and the ammonium
and nitrate + nitrite ratios, and that the percent inhibition of chlorophytes and
cyanobacteria was associated with the phosphate and pH ratios but was negatively related
to the nitrate + nitrite ratio. These observations were partially confirmed with the
Pearson’s correlation tests with a strong and negative correlation between the percent
inhibition of cyanobacteria and chlorophytes with the nitrate + nitrite ratio (r = -0.941, N
= 5, p < 0.01 and r = -0.942, N = 5, p < 0.05) and with the ratio DIN : DIP (r = -0.940, N
= 7, p < 0.01 and r = -0.941, N = 5, p < 0.05). The percent inhibition of cryptophytes was
not only correlated with the ammonium ratio (r = 0.929, N = 5, p < 0.05) but also with
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salinity (r = 0.728, N = 21, p < 0.01). A positive correlation with salinity was also
observed with the percent inhibition of diatoms (r = 0.622, N = 21, p < 0.01) and the total
percent growth inhibition (r = 0.603, N = 21, p < 0.01) (Table 2.5). Their percent
inhibition increased with salinity starting with a growth stimulation from salinities 33 to
35 and reaching a maximum percent inhibition of cryptophytes (74.9 ± 10.6%) at salinity
37, of diatoms (38.4 ± 15.2%) and of the total growth inhibition (88.6 ± 53.6%) at
salinity 38 (Fig 2.4A, B and C).
Although positively but not significantly correlated with the percent inhibition of
euglenophytes, cryptophytes and diatoms, the remaining dDA was significantly
correlated with the total percent growth inhibition (r = 0.649, N = 21, p < 0.01) (Table 5)
and with salinity in the bottles with the addition of dDA (r = 0.686, N = 10, p < 0.05)
(Table 2.6). The averaged lowest ratio (0.63) was obtained at salinities 33 and 34. The
ratio intensified with salinity and exceeded 1 at salinities higher than 35 with the
maximum ratio (1.66) obtained at salinity 35 (Fig 2.4D). The calculated released DA by
Pseudo-nitzschia was negatively correlated with salinity in both the initial conditions (r =
-0.792, N = 10, p < 0.05) and the control bottles (r = -0.710, N = 10, p < 0.05), implying
that Pseudo-nitzschia cells released less dDA as salinity increased (Table 2.6).
2.5 DISCUSSION
In this study, the abundance of Pseudo-nitzschia was significantly and positively
correlated with salinity and negatively correlated with temperature and PAR, which is in
accordance with many blooms of Pseudo-nitzschia observed in upwelling regions
(Schnetzer et al., 2007; Trainer et al., 2012) as well as with the abundance of Pseudonitzschia calliantha in the Adriatic Sea and the Chesapeake Bay (Caroppo et al., 2005;
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Thessen and Stoecker, 2008), of P. delicatissima, P. fryxelliana and P. fraudulenta in
Puget Sound (Hubbard et al., 2014) and of P. delicatissima in the Mediterranean Sea
(Sahraoui et al., 2012).
In North Inlet, the abundance of Pseudo-nitzschia was also negatively correlated
with the ammonium concentration and positively correlated with the phosphate
concentration and pH (Table 2.3). Although a negative correlation with nitrogen is
regularly observed (Schnetzer et al., 2007; Downes-Tettmar et al., 2013; Tas et al., 2016),
a positive correlation with phosphate concentrations is less frequent. It was observed in
the Yangtze River but was accompanied with a positive correlation with nitrate
concentrations (Zou et al., 1993) and also noticed in the Bay of Fundy where P. pungens
was positively correlated with phosphate concentrations and negatively correlated with
nitrate concentrations as observed in this study. However, P. pungens was negatively
correlated with salinity unlike Pseudo-nitzschia spp. in North Inlet (Kaczmarska et al.,
2007).
Although the positive relationship between the Pseudo-nitzschia abundance with
pH established in this study is in contradiction with Lundholm et al. (2004) observations,
in which the lowest growth rate of Pseudo-nitzschia multiseries in cultures was detected
at pH 9.0, a positive correlation with pH was also observed in the Sea of Marmara in
Turkey (Tas et al., 2016). However, no study reported the same combination of
environmental factors as in North Inlet to explain the bloom of Pseudo-nitzschia in May,
suggesting that the optimal conditions are not only species and strains specific but also
depend on the location. The same conclusion was reached for the DA concentration.
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In North Inlet, the initial dDA concentration was positively correlated with the
phosphate concentration and negatively correlated with DIN : DIP ratio. Typically, the
concentration of particulate and dissolved DA is negatively correlated with phosphate or
positively correlated with the ratio DIN : DIP since it has been demonstrated that Pseudonitzschia produced more DA when phosphorus-stressed (Pan et al., 1998; Felhing et al.,
2004; Sun et al., 2011; Liefer et al., 2013; Hubbard et al., 2014; Bargu et al., 2016; Tas et
al., 2016). However, the released dDA by Pseudo-nitzschia positively and significantly
correlated with the ammonium and nitrate + nitrite concentrations, which is consistent
with the decrease in DA production in nitrogen limited conditions as nitrogen is
necessary to produce DA (Bates et al., 1991).
Although Pseudo-nitzschia abundances and dDA concentrations were positively
correlated with salinity in the control bottles, the correlation with the released DA,
whether initially in the water column or in the control bottles, was negative (Table 2.6).
One possible explanation is the reduction in size and volume of Pseudo-nitzschia cells at
high salinity, thus producing less DA (Roubeix and Lancelot, 2008). As Pseudo-nitzschia
was more abundant at high salinity, a higher dDA concentration was measured in the
water column. It is also possible that the production of DA increased with salinity but
Pseudo-nitzschia, instead of releasing dDA in the water column, stored DA inside the cell
for osmotic reasons (Doucette et al., 2008; MacIntyre et al., 2011). Higher plants increase
their amino acids content in response to high salinity, and this modulates their membrane
permeability and ion uptake (reviewed in Rai, 2002). An increase in the amino acid
content was also observed in two Pseudo-nitzschia species (Jackson et al., 1992).
Therefore, the production of DA could help protect enzymes against salinity and avoid
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enzyme denaturation as in higher plants. Another hypothesis is a reduction of the released
dDA due to the decrease in carbon dioxide and bicarbonate ions, thus due to the increase
in pH in the water column (MacIntyre et al., 2011), which is in accordance with the
negative but not significant correlation between rDA and pH in this study.
This increase in Pseudo-nitzschia abundance and dDA concentrations at high
salinity in North Inlet could impact the abundance of other phytoplankton groups and
species which were negatively correlated with salinity, indicating a sensitivity to high
salinity (Tables 2.3 and 2.4). The initial diatom abundance and particularly the
abundances of Rhizosolenia and unidentified centric diatoms were negatively and
significantly correlated with the initial dDA concentration suggesting a possible effect of
dDA on the growth of phytoplankton particularly the diatoms (Table 2.3). However, the
results of the seven incubations with the addition of a highly-concentrated solution of
dDA demonstrated no direct effect of dDA on any phytoplankton group with
inconsistencies between positive and negative responses from month to month and
significant responses occurring only 1 out of the 7 times for most groups except for the
cryptophytes (Fig 2.3). This is in accordance with the findings by Lundholm et al. (2005)
where no allelopathic effect of the addition of 23 µg DA ml-1 was observed on nine
different monocultures of phytoplankton species from many different groups and by
Windust et al. (1992) where 50 and 50,000 ng DA ml-1 had no effect on the growth of
two diatom species Skeletonema costatum and Chaetoceros gracilis.
In the field, environmental factors can play an indirect role in the effect of a toxin
on phytoplankton as observed in studies on the allelopathic effect of phycotoxins
produced by cyanobacteria (Brutemark et al., 2015; Śliwińska-Wilczewska et al., 2016).
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In this study, while the percent inhibition of cyanobacteria and chlorophytes between the
controls and the bottles with dDA added were negatively correlated with the nitrate +
nitrite ratio, the percent of the total growth inhibition and the percent inhibition of
diatoms and cryptophytes were positively correlated with salinity (Table 2.5). This could
be explained by an increase in sensitivity to dDA by the phytoplankton and particularly
by the cryptophytes and the diatoms at extreme salinities. However, only the percent of
the total growth inhibition was also positively correlated with the remaining dDA (Table
2.5).
The remaining dDA in the treatment bottles, positively correlated with salinity,
was observed to be the highest at salinities 35 and 37 and to be the lowest and below 1 at
salinities 33 and 34, suggesting an intensification of the degradation of dDA as salinity
declined (Fig 2.4D). Bates et al. (2003) also obtained a slightly lower percent degradation
of DA in deionized water with a ratio of 0.36 compared to seawater where a ratio of 0.41
was obtained. But because the difference was not significant, the salinity factor was not
considered in other studies on DA degradation (Fisher et al., 2006; Hagström et al., 2007;
Sison-Mangus et al., 2014).
As demonstrated in this study, salinity affected the growth of most phytoplankton
groups providing Pseudo-nitzschia with an advantage to thrive possibly due to the
production of DA as an osmolyte. Although releasing less dDA at high salinity, the
higher concentration in the water column corresponding to a higher abundance of
Pseudo-nitzschia reduced the abundance of the diatoms and the cryptophytes more
importantly as salinity increased. This was accompanied by a decrease in the degradation
of dDA at high salinity. Therefore, not only may salinity play a key role in the inhibition
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of different phytoplankton groups exposed to dDA, it could also be important in the
degradation of the toxin, and, consequently, its residence time in the water column. As an
indirect effect of climate change, salinity alterations have already been observed and are
predicted to intensify worldwide (IPCC, 2007), which, as a result, could impact the
abundance of toxic species of Pseudo-nitzschia, the production of DA, the toxin
residence time in the water column and the effect of DA on phytoplankton communities
particularly on diatoms and cryptophytes.
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Table 2.1 Averaged initial phytoplankton abundances (in cell ml-1) from May to
September 2016, acquired by microscopy (N = 2). Other diatoms included the genera
Thalassosira, Thalassionema, Leptocylindrus, Asterionellopsis, Guinardia and
Pleurosigma, with each genus representing less than 10% of the total diatom abundance
in all samples. No samples were collected in October and November
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Table 2.2 Initial parameters at collection site from May to November 2016
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Table 2.3 Pearson’s correlation factors from initial parameters and initial phytoplankton abundances obtained from CHEMTAX. Bold
numbers represent significant correlations (p < 0.05)
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Table 2.4 Pearson’s correlation factors from initial parameters and initial phytoplankton abundances obtained from microscopy. Bold
numbers represent significant correlations (p < 0.05)
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Table 2.5 Pearson’s correlation coefficients from ratios calculated between the treatment and the control bottles and the percent
inhibition of each phytoplankton group. Bold numbers represent significant correlations (p < 0.05)
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Table 2.6 Pearson’s correlation coefficients between the salinity with the dDA
concentrations, the remaining dDA and the released dDA from the initial conditions and
from the final conditions in the control and the treatment bottles. Bold numbers represent
significant correlations (p < 0.05)
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Table 2.7 Initial and final Pseudo-nitzschia abundances and final abundances collected
from each control and the bottles with added dDA (cell ml-1)
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Fig 2.1 Site of water collection in North Inlet (Clambank Landing), South Carolina
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Fig 2.2 Eigenvectors of the initial environmental factors (in black) and of the initial
abundances of each phytoplankton group and Pseudo-nitzschia (in grey) (A) and
eigenvectors of the ratio of environmental factors between the control and the treatment
bottles and the percent inhibition of the phytoplankton groups (in grey) (B)

37

Euglenophyte abundance (g chl a l-1)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

*
May

Jun

Jul

Aug

Sep

Oct

*

0.5
0.4
0.3
0.2
0.1

May

Jun

Aug

Jul

Sep

Oct

Nov

3.5

1.6
1.4
1.2
1.0
0.8
0.6
0.4

*

0.0

D
3.0
2.5
2.0
1.5
1.0

*
0.5

*

*

*

0.0

May

Jun

Jul

Aug

Sep

Oct

Nov

May

14

10
8
6

*
4
2

Jul

Aug

Sep

Nov

Oct

F

Total cell abundance (cell ml-1)

12

Jun

60000

E
Diatom abundance (g chl a l-1)

B

0.6

Nov

C

1.8

0.2

Control
400 ng DA ml-1
Initial abundance

0.7

0.0

0.0

Cryptophyte abundance (g chl a l-1)

Cyanobacterium abundance (g chl a l-1)

A

1.8

2.0

Chlorophyte abundance (g chl a l-1)

0.8

2.0

50000

40000

*

*

Sep

Oct

30000
20000

10000

0

0
May

Jun

Jul

Aug

Sep

Oct

Nov

May

Jun

Jul

Aug

Nov

Fig 2.3 Phytoplankton abundances (mean ± SE) from May to November 2016 collected at
the beginning of each experiment (black line) and collected in the control bottles (white)
and the treatment bottles (grey) at the end of each experiment with the abundances of
cyanobacteria (A), euglenophytes (B), chlorophytes (C), cryptophytes (D), diatoms (F)
and the total cell abundances (F). The star represents a significant difference of
abundance between the control and the addition of dDA (p < 0.05). Note the differences
in the y-axis scale between the different phytoplankton groups
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CHAPTER 3
COASTAL EUTROPHICATION AND FRESHENING: IMPACTS ON
PSEUDO-NITZSCHIA ABUNDANCE AND DOMOIC ACID
ALLELOPATHY2
3.1 ABSTRACT
During phytoplankton bloom events, the diatom genus Pseudo-nitzschia may
produce chronic and/or acute concentrations of the neurotoxin domoic acid (DA), which
we hypothesized to be an allelochemical to outcompete the other phytoplankton species.
Previous research in a nutrient depleted ecosystem demonstrated an increase in the
allelopathic effect of dissolved DA (dDA) on cryptophytes and diatoms with salinity. But
the potential for DA to be allelopathic in nutrient replete environments across a salinity
gradient was not considered. In this study, we examined how salinity reductions and
nutrient loading affected the abundance of Pseudo-nitzschia. We also investigated how
river and nutrient inputs influenced the effect of dDA on phytoplankton community
compositions as well as the influence of salinity on DA allelopathy. Through bioassays,
we measured the phytoplankton responses to 400 ng DA ml-1 at a low salinity site we
detected an increase in Pseudo-nitzschia abundance with the addition of dDA and
nutrients. DA allelopathy was observed to be more efficient at lower salinity in fresher

2
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water. However, the effect of nutrient loading alone neutralized the influence of salinity
on DA allelopathy. This study highlights how environmental factors such as salinity and
nutrients can play important roles on a toxin allelopathy by alleviating or exacerbating its
effect.
3.1 INTRODUCTION
Distributed worldwide, Pseudo-nitzschia is a cosmopolitan genus composed of 48
species identified to date and is able to grow at wide ranges of temperature (-1.5 – 30°C)
and salinity (6 – 40) (Bates et al., 1998; Thessen et al., 2005; Teng et al., 2016). To date,
23 species of Pseudo-nitzschia have been recognized as producers of the neurotoxin
domoic acid (DA) (Teng et al., 2016). The consumption of DA through contaminated
shellfish, fish and crustaceans can cause amnesic shellfish poisoning (ASP), a syndrome
affecting birds, marine mammals and even humans (Wright et al., 1989; Thessen and
Stoecker, 2008). Although species have been isolated from the North Pacific and
Antarctic waters, most species have been detected in coastal regions causing a threat to
wildlife and human health (Marchetti et al., 2006; Lelong et al., 2012; Trainer et al.,
2012).
During the past few years, toxic Pseudo-nitzschia blooms have increased in
frequency and magnitude. As a recent example, an unprecedented Pseudo-nitzschia
bloom was observed along the west coast of the U. S. in 2015 (Du et al., 2016; McCabe
et al., 2016). During this event, the abundance of Pseudo-nitzschia reached almost 2,500
cells ml-1 and the concentration of dissolved DA (dDA) reached up to 980 ng ml-1 in the
water column (McCabe et al., 2016; Kudela et al., 2017). In addition to the influence of
warmer temperatures, this dense bloom appeared during the upwelling season in April,
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favoring the flourishment of the toxigenic species Pseudo-nitzschia australis (McCabe et
al., 2016). Increases in nutrients, particularly nitrogen, often stimulates blooms of
Pseudo-nitzschia spp. in upwelling regions, the Chesapeake Bay, the Gulf of Mexico, and
Los Angeles Harbor (Schnetzer et al., 2007; Thessen and Stoecker, 2008; Anderson et al.,
2009; Trainer et al., 2012; Bargu et al., 2016). This suggests that pulses of nutrients can
lead to the spread of toxic blooms of Pseudo-nitzschia intensifying the production of DA
and increasing the concentration of dissolved DA (dDA) in the water column.
Salinity also influences the abundance of Pseudo-nitzschia and its toxicity. In
several coastal systems such as the upwelling regions, the Chesapeake Bay and the Gulf
of Mexico, the abundance of Pseudo-nitzschia was positively correlated with salinity
(Thessen and Stoecker, 2008; MacIntyre et al., 2011; Trainer et al., 2012; Liefer et al.,
2013; Bargu et al., 2016). However, this relationship depends on the regions as well as on
the species and strains. For example, Pseudo-nitzschia multiseries and P. pungens
abundances increased with salinity along the Uruguayan coast and in the Sea of Marmara
in Turkey but decreased with salinity in the Puget Sound, the Bay of Fundy, and the
English Channel (Kaczmarska et al., 2007; Méndez et al., 2012; Downes-Tettmar et al.,
2013; Hubbard et al., 2014; Tas et al., 2016). DA production is also often associated with
high salinity (Anderson et al., 2009; MacIntyre et al., 2011; Sahraoui et al., 2012; Bargu
et al., 2016; Tas et al., 2016).
Toxic Pseudo-nitzschia cells have also been observed in lower salinity systems
such as the Juan de Fuca region, in the San Juan Islands and the Zrmanja River Estuary
(Eastern Adriatic Sea), where salinity can be as low as 8 (Rines et al., 2002; Burić et al.,
2008; Trainer et al., 2009). Freshwater discharge is also an important factor for Pseudo-
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nitzschia blooms in the Chesapeake Bay (Anderson et al., 2010). Another example is the
Columbia River plume, that enables toxic Pseudo-nitzschia to acclimate to lower
salinities as it transports cells along the Washington coast (Trainer et al., 2009; Hickey et
al., 2013, PICES report, 2017). Although the production of DA is often reduced at low
salinity, relatively high concentrations of particulate DA were measured in fresher water
(Thessen et al., 2005; Hickey et al., 2013). Among other hypotheses to explain the
ecological reason for its production, DA may have allelopathic properties.
In the ocean, phytoplankton cells compete for light and nutrients, and the
production of allelochemicals (i.e. compounds excreted by phytoplankton species that
inhibit or stimulate the growth of other phytoplankton species) provides an ecological
mechanism to outcompete other phytoplankton species. It can restrain a competitor’s
growth through a variety of processes such as cell lysis, cell shape alterations, and
photosynthesis inhibition (reviewed in Legrand et al., 2003). Often neglected as a factor
in the succession of phytoplankton species, allelopathy may play a major role in the
regulation of phytoplankton diversity and in the expansion of harmful algal blooms
(HABs) (Legrand et al., 2003; Granéli et al., 2008; Roy, 2015).
The first monoculture-based studies on DA allelopathy resulted in an absence of
effect of dDA on different phytoplankton groups including species of diatoms,
prymnesiophytes, euglenophytes, dinoflagellates, raphidophytes, prasinophytes, and
cryptophytes (Windust, 1992; Lundholm et al., 2005). But more recently, studies have
established an allelopathic effect of Pseudo-nitzschia in co-cultures with species of
dinoflagellates, raphidophytes, haptophytes and cryptophytes (Xu et al., 2015) as well as
on the diatom Bacillaria spp. in iron depleted medium (Sobrinho et al., 2017). Prince et
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al. (2013) also identified a growth inhibition of the diatom species Skeletonema marinoi
Sarno & Zingone induced by the direct addition of dDA in iron depleted medium.
This rekindled an interest in the study of DA allelopathy including on natural
phytoplankton communities, which is necessary to understand the role of DA in
interspecific competition. A previous study on DA allelopathy using microcosm
experiments conducted in a high salinity and nutrient depleted ecosystem demonstrated
an increase in the inhibition of cryptophytes and diatoms as salinity increased (Van
Meerssche and Pinckney, 2017). However, DA allelopathy in nutrient replete
environments, whether in saltwater or freshwater systems was not considered. This is
important as studies reported a decrease in allelopathy when target cells were in nutrient
excess conditions (Granéli and Johansson, 2003; Fistarol et al., 2005).
In our study, the influence of river and nutrient inputs on Pseudo-nitzschia
abundance was first established. Then, through bioassays with phytoplankton exposed to
an acute dDA concentration, we determined the effect of dDA on the phytoplankton
community composition from a low salinity and nutrient replete site. We hypothesized
that in environments with fresher water the allelopathic effect of dDA will be minimal as
it was previously found to decrease with salinity (Van Meerssche and Pinckney, 2017).
Finally, we established the effect of dDA on the phytoplankton community from a high
salinity site through bioassays with the addition of an acute dose of dDA simultaneously
with the addition of nitrate and phosphate. We suggested that DA allelopathy will be
lower in ecosystems with excess nutrients as demonstrated in a few studies (Granéli and
Johansson, 2003; Fistarol et al., 2005). This research highlights the complexity of
establishing the allelopathic effect of a toxin in natural environments. Multiple factors
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such as salinity and nutrients can influence concurrently, sometimes in contradictory
ways, a toxin allelopathy.
3.3 MATERIALS AND METHODS
Study sites
Winyah Bay, near Georgetown, South Carolina, is a 65 km2 temperate-subtropical
coastal plain estuary, partially mixed with semi-diurnal tides (Fig. 3.1). This estuary
receives freshwater and materials from four rivers (Pee Dee, Waccamaw, Black, and
Sampit) with the Pee Dee River contributing ca. 90% of the total discharge into the bay
(Sea Grant Consortium, 1992; Patchineelam et al., 1999). Winyah Bay is surrounded by
industrial, agricultural, forested, natural and managed wetlands and has a total drainage
of 47,000 km2 across Virginia, North and South Carolina. The salinity ranges from 0.6 to
8.4 during tidal cycles (Sea Grant Consortium, 1992). The phytoplankton community is
mostly composed of diatoms and cryptophytes with variable contributions of
cyanobacteria, chlorophytes, euglenophytes and dinoflagellates (Lewitus et al., 1998;
Lawrenz et al., 2010; Reed et al., 2016). Winyah Bay is a nutrient replete estuary with
concentrations of orthophosphate, ammonium and nitrate respectively two, eight and
thirty times more elevated than in North Inlet (Sea Grant Consortium, 1992; Reed et al.,
2016).
North Inlet, located roughly 10 km northeast of Winyah Bay, is a tidally
dominated bar-built estuary (Fig 3.1). Surrounded by only a few residential communities,
North Inlet is a relatively undisturbed salt marsh with low freshwater input. This estuary
is characterized by numerous shallow tidal creeks, mudflats, sand flats, Crassostrea
virginica oyster reefs, and bordered by the cordgrass Spartina alterniflora (Sea Grant
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Consortium, 1992; Allen et al., 2014). Salinity is higher than in Winyah Bay and ranges
from 15 to 35 (Dame et al., 1991). The phytoplankton community is mostly composed of
diatoms with variable contributions of cryptophytes, cyanobacteria, chlorophytes,
euglenophytes and dinoflagellates (Lawrenz et al., 2013). The concentrations of
orthophosphate, nitrate + nitrite and ammonium average 0.30 µmol l-1, 0.55 µmol l-1 and
2.50 µmol l-1 respectively (Wolaver et al., 1984; Sea Grant Consortium, 1992; Allen et
al., 2014). With concentrations of silicate usually over 25 µmol l-1, silicate is not
considered as a limiting nutrient in North Inlet (White et al., 2004; Wetz et al., 2006).
Phytoplankton bioassays
Water samples from Winyah Bay (the Georgetown Marina; 33.3652˚ N, 79.2663˚
W) and North Inlet (Clambank Landing; 33.3341˚ N, 79.1929˚ W) were collected
monthly during high tide in 10 liter carboys from May to October 2016 in Winyah Bay
and from May to September 2016 in North Inlet (Fig. 1). From each site, 250 ml of water
were transferred into 6 Nalgene square polycarbonate clear bottles (250 ml) with 3 bottles
for the controls and 3 for the addition of dDA. Simultaneously to the addition of dDA in
North Inlet, volumes of an initial 10 mmol l-1 of nitrate (NaNO3) solution and of an initial
5 mmol l-1 of phosphate (NaH2PO4) solution were added into all bottles to reach a final
concentration of 20 µmol l-1 of nitrate and 10 µmol l-1 of phosphate. Volumes of an initial
10 µg DA ml-1 solution, obtained by dissolving 5 mg of DA (Sigma-Aldrich cat. no.
D6152) in 500 ml of high purity de-ionized water, were added into the triplicate
treatment bottles to reach a final concentration of 400 ng DA ml-1. Although not the
highest concentration observed in the field, 400 ng ml-1 is a relatively high concentration
(Lundholm et al., 2005; Kudela, 2017).
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Winyah Bay water was incubated in the lab for 2 days. Light for incubations was
supplied using a 91 cm, 4 × 39 W Ocean Light T5 hood (10,000K 39W – TRU
fluorescent lamps) to achieve an irradiance of ca. 130 µmol quanta m-2 s-1. Light was
cycled to correspond to times of sunrise and sunset on the dates the water samples were
collected. Temperature was a constant 22°C. North Inlet water was incubated outside the
Belle W. Baruch Institute for 2 days in water tables covered with two layers of fiberglass
screen to simulate in situ temperature and irradiance (50% of full irradiance).
Analyses
Salinity was measured at the beginning of each experiment using a refractometer. The
initial and final photopigment concentrations were measured by collecting 100 ml of
water from the 10-l carboy at time 0 and from each triplicate at the end of the
incubations. Water was filtered through a 25-mm dia. Whatman GF/F glass fiber filter
under gentle vacuum. The filters were transferred into 2-ml microcentrifuge tubes and
stored at -80°C until photopigment analysis by high performance liquid chromatography
(HPLC). For the analysis, filters were lyophilized for 18 - 24 hours at -50°C then
extracted for 12 - 20 hours at -20°C by adding 750 μl of 90% acetone. A volume of 50 µl
of the synthetic carotenoid β-apo-8’carotenal, used as an internal standard, was also
added to the solution. Filtered extracts (250 μl) were injected into a Shimadzu HPLC
with a monomeric column (Rainin Microsorb-MV, 0.46 x 10 cm, 3 µm) and a polymeric
(Vydac 201TP54, 0.46 x 25 cm, 5 µm) reverse phase C18 column. The mobile phase was
composed of two solvents; solvent A, 80% methanol : 20% 0.5 M ammonium acetate and
solvent B, 80% methanol : 20% acetone (Pinckney et al., 1996).
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Pigment peaks were identified by comparing retention times and absorption
spectra with pigment standards (DHI, Denmark). The photopigment concentrations were
analyzed with the program CHEMTAX (v. 1.95) to determine the absolute abundance of
major phytoplankton groups (in µg chl a-1) (Mackey et al., 1996; Higgins et al., 2011).
The initial pigment ratio matrix was derived from two coastal phytoplankton matrices
(Schlüter et al., 2000; Lewitus et al., 2005). The convergence procedure outlined by
Latasa (2007) was used to minimize errors in algal group biomass due to inaccurate
pigment ratio seed values. Photopigments from each experiment were analyzed
separately and provided the abundance of 7 algal groups (cyanobacteria, euglenophytes,
chlorophytes, prasinophytes, dinoflagellates, cryptophytes, and diatoms). However,
dinoflagellates were detected in very low abundance in both sampling sites, therefore,
they were excluded from further analysis.
In each sample, the percent inhibition of the different phytoplankton groups was
calculated with the following equation:
% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 (1 −

𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑐𝑜𝑛𝑡𝑟𝑜𝑙

Concentrations of dDA were measured at time 0, right after the addition of dDA
and at the end of each experiment. To measure the initial dDA concentration, 10 ml of
water from the 10-l carboy were collected, and to measure the concentration just after the
addition of dDA and at the end of each experiment, 2 ml from each triplicate were
combined. Samples were filtered through a 25-mm dia. Whatman GF/F glass fiber filter
and stored at –20°C in amber polyethylene Nalgene bottles until dDA analysis. Only
dissolved DA was analyzed; no particulate DA was measured. The samples were
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prepared following the Biosense protocol and analyzed with enzyme-linked
immunosorbent assay (ASP cELISA) kits from Biosense (Kleivdal et al., 2007).
The initial and final abundances of Pseudo-nitzschia were determined by
collecting 40 ml of water from the 10-l carboy at time 0, and by collecting and combining
10 ml from each triplicate at the end of the incubations. Samples were preserved with
Lugol’s iodine. After settling each sample for a minimum of 6 hours in a 10-ml chamber,
a minimum of a total of 400 cells were counted. Pseudo-nitzschia cells were then
identified and counted using an inverted light microscope at x 200 and x 400
magnifications (Nikon Eclipse TS100) (Lund et al., 1958).
The initial nutrient concentrations were measured in North Inlet and data can be
retrieved from Van Meerssche and Pinckney (2017). In Winyah Bay nitrate, ammonium,
phosphate and silicate are not considered as limiting in this system, therefore, their
concentrations were not measured.
All homogenous and normally distributed data were analyzed using parametric
tests (multifactor and multivariate ANOVA). However, when transformed data were
neither normally distributed nor their variances were homogenous, non-parametric
Kruskal-Wallis tests were performed. All statistical analyses including ANOVA and
Pearson’s correlation tests were completed using SPSS Software 24.0 (IBM Corporation,
Armonk, New York).
3.4 RESULTS
Pseudo-nitzschia abundances and domoic concentrations at both sites
The initial dDA concentrations reported in Winyah Bay, the low salinity site,
were low and ranged from 0.04 to 0.59 ng ml-1 with a Pseudo-nitzschia abundance
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between 10 and 53 cells ml-1 (Table 3.1). In North Inlet, the high salinity site, initial dDA
concentrations ranged from 0.12 to 1.21 ng ml-1 with Pseudo-nitzschia abundance
between 34 and 1032 cells ml-1 (Table 3.1). At high salinity, the addition of nitrate and
phosphate increased the abundance of Pseudo-nitzschia in May, July and September 2016
suggesting a positive response to nutrient loading by Pseudo-nitzschia (Table 3.1).
Interestingly, at both sites the addition of dDA increased the abundance of Pseudonitzschia (Tables 3.1).
Phytoplankton response to the addition of dDA in low salinity water
The addition of dDA significantly stimulated the abundance of cyanobacteria and
cryptophytes but only in May and July respectively (Fig 3.1A and D). Euglenophytes and
diatoms demonstrated different significant responses to dDA over the different months.
The abundance of euglenophytes was significantly stimulated in May but inhibited in
June (Fig 3.1B). The abundance of diatoms was significantly inhibited in June and in
September but was stimulated in July (Fig 3.1E). No significant difference in the
abundance of chlorophytes and prasinophytes between the control and the treatment
bottles was observed (Fig 3.1C and F).
Phytoplankton response to the addition of dDA in high salinity water enriched with
nutrients
Only three groups responded to the addition of dDA. It significantly stimulated
the abundance of euglenophytes but only in June (Fig 3.2B). It also significantly
increased the abundance of cryptophytes in May but significantly decreased it in June
(Fig 3.2D). It also inhibited the abundance of prasinophytes in June (Fig 3.2F). The other
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groups including cyanobacteria, chlorophytes and diatoms demonstrated no significant
response to dDA compared to the controls (Fig 3.2A, C and E).
Effect of salinity on the domoic acid allelopathy at both sites
As previously demonstrated, salinity can play an important role in DA allelopathy
on certain phytoplankton groups initially stressed by an elevation in salinity (Van
Meerssche and Pinckney, 2017). Therefore, a first Pearson’s correlation test between the
salinity and the initial phytoplankton abundances was performed for both sites (Table
3.2). At the low salinity site, the initial abundance of most phytoplankton groups was
positively correlated with salinity with only a significant correlation with the initial
abundance of cryptophytes. At the high salinity, the opposite was observed with the
initial abundance of most phytoplankton groups negatively correlated with salinity. Only
a significant correlation with the initial abundance of diatoms was observed (Table 3.2).
A second Pearson’s correlation test was completed between the salinity and the percent
inhibition of each phytoplankton group (Table 3.3). Strong and negative correlations
between salinity and the percent inhibition of cryptophytes (r = -0.894, p < 0.05) and of
diatoms (r = -0.812, p < 0.05) were observed (Table 3.3). A linear fit demonstrated strong
and negative linear relationships between the salinity and the percent inhibition of
cryptophytes (r2 = 0.800) and diatoms (r2 = 0.659) (Fig 3.3). For both phytoplankton
groups, the highest percent inhibition was obtained at salinity 0 with an average of 17.2 ±
3.5% for cryptophytes and 32.6 ± 5.1% for diatoms.
At the high salinity site enriched with nutrients, no significant correlation was
observed between salinity with the percent inhibition of cryptophytes and diatoms. Only
a strong negative correlation was observed with the percent inhibition of prasinophytes (r
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= -0.602, p < 0.05) (Table 3.3). However, the negative linear relationship between the
percent inhibition of prasinophytes with salinity was weak (r2 = 0.362) (Fig 3.4).
3.5 DISCUSSION
At the low salinity site, measurements of dDA suggest the presence of toxic
Pseudo-nitzschia species in relatively fresh water (salinity 0 – 6). However, Pseudonitzschia abundance was low (Table 3.1) and appeared only as single cells rather than in
chains (pers. obs.). Furthermore, comparing the initial and the final abundances in the
controls, Pseudo-nitzschia abundance mostly decreased (Table 3.1). It indicates a
possible transport of Pseudo-nitzschia cells from the mouth to the bay during tidal cycles
but a difficult acclimation to low salinity as previously shown by Thessen et al. (2008).
From the cell morphology observed with a light inverted microscope, Pseudo-nitzschia
pungens seemed to be the dominant species. It is usually a non-toxic species regularly
detected in South Carolina and able to grow at a salinity between 6 and 30 (Jackson et al.,
1992; Shuler et al., 2012). The absence of correlation between the initial dDA
concentrations and Pseudo-nitzschia abundances also suggests the presence of non-toxic
species (data not shown).
River inputs not only freshen the water column but also bring nutrients (e.g.
nitrogen, phosphorus, organic matter) into the system and can lead to the spread of toxic
blooms of Pseudo-nitzschia. At the low salinity site, the effect of river inputs with the
concurrent impact of freshening and nutrient loading on DA allelopathy could be
observed. The addition of nutrients in a nutrient depleted ecosystem with low river runoff
allowed us to observe the effect of nutrient loading alone on Pseudo-nitzschia abundance.
The addition of nutrients mainly increased the abundance of Pseudo-nitzschia (Table

52

3.1). This was also observed along the coast of Washington where dense blooms of
Pseudo-nitzschia were triggered by the addition of ammonium through the sewage
system (Trainer et al., 2007). Sediment records also demonstrated a positive correlation
between the abundance of Pseudo-nitzschia and nitrogen fluxes (Parsons et al., 2002).
Interestingly, the addition of dDA increased the abundance of Pseudo-nitzschia
whether at low salinity or at high salinity and whether in nutrient replete environment
(Table 3.1) or in nutrient depleted conditions (Van Meerssche and Pinckney, 2017). The
same phenomenon was observed in monocultures of Pseudo-nitzschia delicatissima
(Cleve) Heiden when exposed to 20 ng DA ml-1 and in a microcosm study where the
abundance of unidentified species of Pseudo-nitzschia increased by 20% when the
phytoplankton community was exposed to 7.8 ng DA ml-1 (Trick et al., 2010; Prince et
al., 2013). It implies a beneficial role played by dDA in the growth of Pseudo-nitzschia.
DA has been hypothesized to bind with particulate iron Fe(III) in the water and by
oxidation releases soluble Fe(II) bioavailable for Pseudo-nitzschia (Rue and Bruland,
2001; Wells et al., 2005; Lelong et al., 2013). Salt marshes like North Inlet and
industrialized estuaries like Winyah Bay can be depleted in bioavailable iron, weakening
the phytoplankton community (Miller and Kester, 1994; Kawaguchi et al., 1994; Lewitus
et al., 2004). Therefore, the addition of dDA may have helped Pseudo-nitzschia to
overcome the reduction in iron concentrations. Moreover, iron depletion has been
demonstrated to play an important role in DA allelopathy by exacerbating its effect
(Prince et al., 2013; Sobrinho et al., 2017).
It has also been previously observed that the allelopathic effect of dDA was
influenced by salinity. The percent inhibition of cryptophytes and diatoms increased with
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salinity in a nutrient depleted ecosystem (Van Meerssche and Pinckney, 2017). These two
groups were negatively correlated with salinity, therefore, we suggested a possible stress
by an elevation in salinity. With an increase in DA allelopathy with salinity, we
hypothesized that DA was more effective at higher salinities as the target cells were more
salinity-stressed at higher salinities. Although with an opposite trend, the same
phenomenon was observed at the low salinity site replete by nutrients. At this site, diatom
and cryptophyte abundances were positively correlated with salinity (Table 3.3),
therefore they were suggested to be more salinity-stressed at lower salinities. Like at the
high salinity site, we observed that DA allelopathy was more efficient when target cells
were salinity-stressed (Table 3.3).
At the high salinity site with limited river runoff and enriched with nutrients, the
influence of salinity on the allelopathic effect of dDA previously observed in Van
Meerssche and Pinckney study (2017) was neutralized (Table 3.3). Sjöqvist and Kremp
(2016) demonstrated that in salinity-stressed environments the increase in clonal richness
allowed phytoplankton to maintain their primary production at the same rate as in the
controls. Therefore, the increase in species richness induced by the addition of nutrients
(Larson and Belovsky, 2013) may have helped reducing the effect of dDA on
phytoplankton when cells were salinity-stressed. This is also in accordance with studies,
whether field observations or culture experiments, that demonstrated a higher allelopathic
activity in nutrient depleted environment (reviewed in Granéli et al., 2008).
While some phytoplankton species can resist the attacks of allelopathic
compounds in some conditions, altering these conditions may weaken the phytoplankton
strategies and make them more vulnerable to allelopathy (Prince et al., 2008).
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Inconstancies in the phytoplankton response to allelochemicals are common in natural
environments. Allelopathy can be mitigated by environmental factors as well as by
competitors (Prince et al., 2008; Poulston-Ellestad et al., 2014). In this study, we
demonstrated that nutrient loading alone could reduce DA allelopathy in estuaries with
low river inputs as predicted from previous studies (Granéli et al., 2008). However, river
inputs bringing fresh water in addition to nutrients may stress phytoplankton cells by
lowering the salinity. This will possibly emphasize the effect of dDA on phytoplankton
particularly on cryptophytes and diatoms. With the increase in Pseudo-nitzschia
abundance with the addition of nutrients as well as its possible survival in freshwater, the
increase in river inputs in some regions (IPCC, 2001) present a threat to the environment.
This is particularly important for estuaries and bays with strong river runoff
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Table 3.1 Initial salinity, domoic acid concentration and Pseudo-nitzschia (PN) abundance as well as the final Pseudo-nitzschia
abundances from the control bottles and the bottles with added dDA (cell ml-1) from both Winyah Bay and North Inlet. Initial data
from North Inlet are from Van Meerssche and Pinckney (2017)
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Table 3.2 Pearson’s correlation test results between salinity with the initial total
phytoplankton abundance as well as with the initial abundances of the different
phytoplankton groups at both Winyah Bay and North Inlet. Bold numbers represent
significant correlations (p < 0.05). North Inlet data are from Van Meerssche and
Pinckney (2017)
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Table 3.3 Pearson’s correlation test results between salinity and the total percent growth
inhibition and the percent inhibition of the different phytoplankton groups in Winyah Bay
and North Inlet replete with nutrients. Nutrient depleted North Inlet data are from Van
Meerssche and Pinckney (2017)
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Fig 3.1 Map of the two collection sites Winyah Bay (the Georgetown marina) and North
Inlet (Clambank Landing)
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Fig 3.2 Abundances of cyanobacteria (A), euglenophytes (B), chlorophytes (C),
cryptophytes (D), diatoms (E) and prasinophytes (F) collected in Winyah Bay from May
to October 2016 at the beginning of each experiment (black line) and collected at the end
of each experiment in the control bottles (white) and the treatment bottles (grey). The star
represents a significant difference of abundance between the control and the addition of
dDA (p < 0.05). Note the differences in the y-axis scale between the different
phytoplankton groups
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Fig 3.3 Abundances of cyanobacteria (A), euglenophytes (B), chlorophytes (C),
cryptophytes (D), diatoms (E) and prasinophytes (F) collected in North Inlet replete with
nutrient from May to September 2016 at the beginning of each experiment (black line)
and collected at the end of each experiment in the control bottles (white) and the
treatment bottles (grey). The star represents a significant difference of abundance
between the control and the addition of dDA (p < 0.05). Note the differences in the y-axis
scale between the different phytoplankton groups
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CHAPTER 4
REGULATORY CRITICAL VALUES FOR PHYTOPLANKTON
BIOMASS NEGLECT SIGNIFICANT ALTERATIONS IN COMMUNITY
STRUCTURE3
4.1 ABSTRACT
With about 40% of the world’s population living along the coastline, the
acceleration of eutrophication endangers the economic and recreational use of estuarine
ecosystems. Strategies have been developed to reduce nutrient loading in estuaries to
limit the total concentration of chlorophyll a (chl a) to an arbitrary maximum
concentration (e.g. 40 µg chl a l-1). But the potential alterations in the phytoplankton
community composition below this limit are not generally considered. In this study, the
effects of moderate loadings of nitrate and phosphate on an unimpacted phytoplankton
community was investigated through multiple bioassays from 2014 to 2016. Using
photopigment biomarkers, we observed significant shifts in the phytoplankton
community composition. However, the response from each phytoplankton group was
unpredictable and differed depending on the season as well as the initial community
composition. This research highlights the ecological risk of using a subjective chl a

3

Van Meerssche, E. and J.L. Pinckney. 2018. Submitted to Estuaries and Coasts,
01/29/2018
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concentration based on total phytoplankton biomass for water quality criteria. Although
more expensive and time consuming to measure compared to fluorescence,
phytoplankton-based water quality criteria should ideally be based on the relative
abundances of algal groups in addition to total biomass (as chl a).
4.2 INTRODUCTION
Eutrophication, defined as “an increase in the rate of supply of organic matter to
an ecosystem” (Nixon 1995) is a process affecting coastlines worldwide. Although
occurring naturally (e.g. river runoff, remineralization, upwelling), human activities have
greatly accelerated its rate through anthropogenic activities (e.g. agriculture, industry,
urbanization) resulting in high concentrations of nutrients in the water. With these pulses
of combined nitrogen and phosphorus, dense phytoplankton blooms form and reduce
light penetration. This limits the growth of macroalgae and submerged aquatic
vegetation, diminishing habitats, nurseries, and refugia for multiple organisms (Paerl
2006; Chislock et al. 2013). Eutrophication also reduces phytoplankton species diversity
and promotes uni-algal blooms, with a possible shift towards harmful species (Anderson
et al. 2002; Bužančić et al. 2016; Heisler et al. 2008; Lim et al. 2017). Furthermore,
microbial degradation of these phytoplankton blooms drastically decreases dissolved
oxygen concentrations creating hypoxic or even anoxic conditions causing fish kills
(Pinckney et al. 2001; Rabalais et al. 2009). The reduction of the overall water quality
caused by eutrophication has disastrous consequences on human health (e.g. through
drinking water) as well as the international economy (e.g. fisheries and tourism)
(Pinckney et al. 2001; Smith and Schlinder 2009; Chislock et al. 2013). In the U.S. alone,
65% of estuaries present signs of medium to high eutrophication (Bricker et al. 1999;
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Pinckney et al. 2001) and the cost of the damages has been estimated at $2.2 billion every
year (Dodds et al. 2009; Chislock et al. 2013).
To monitor eutrophication and assess water quality, governmental agencies
measure the chlorophyll a (chl a) concentration, an easy, quick and relatively inexpensive
parameter to evaluate the total phytoplankton biomass. An arbitrary chl a concentration is
usually used as an indicator of eutrophic conditions based on the trophic state index, with
a common regulatory limit of 40 µg chl a l-1 for estuaries (Bricker et al. 2003;
https://www.epa.gov). However, this concentration limit may not be an ecologically
sound regulation parameter as it only takes into account the total phytoplankton biomass,
not the state of the phytoplankton community structure (Glibert 2017). Several studies
have demonstrated that the addition of nutrients results in shifts in the phytoplankton
community composition but few have specifically determined if significant shifts in
composition occur at chl a concentrations lower than the common regulatory limit
(Anderson et al. 2002; Heisler et al. 2008; Reed et al. 2016; Caron et al. 2017).
The goal of this study was to investigate the effect of nitrate and phosphate
additions on an unimpacted, relatively pristine estuarine phytoplankton community
through multiple bioassays from 2014 to 2016. For each bioassay, the effect of nutrient
additions on phytoplankton community composition was determined through changes in
the different photopigment concentrations used as specific biomarkers for different
phytoplankton groups. We hypothesized that nutrient loading, although enhancing chl a
concentrations below the 40 µg l-1 threshold, would result in a significant alteration in the
phytoplankton community composition. This may have cascading impacts on the biota
and on processes essential for ecosystem services such as biogeochemical cycling,
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trophodynamics and primary productivity (Sarmiento et al. 2004; Beardall and Stojkovic
2006; Finkel et al. 2010).
4.3 MATERIALS AND METHODS
Study site
North Inlet, a tidally dominated bar-built estuary near Georgetown, South
Carolina, USA is a relatively undisturbed salt marsh with low freshwater input. This
estuary is characterized by numerous shallow tidal creeks, mudflats, sand flats,
Crassostrea virginica oyster reefs, and bordered by the cordgrass Spartina alterniflora
(Sea Grant Consortium, 1992; Allen et al., 2014). Over an annual cycle, water
temperature ranges from 8°C to 30°C and the salinity from 15 to 35 (Dame et al., 1991).
The concentrations of phosphate, nitrate + nitrite and ammonium average 0.30 µmol l-1,
0.55 µmol l-1 and 2.80 µmol l-1 respectively (Allen et al., 2014). The concentration of
silicate is usually over 25 µmol l-1 and is not considered as a limiting nutrient in North
Inlet (White et al., 2004; Wetz et al., 2006). The microalgal community is mostly
composed of diatoms with seasonally variable contributions of cryptophytes,
cyanobacteria, chlorophytes, euglenophytes and dinoflagellates (Lewitus et al., 1998;
2005; Lawrenz et al., 2013; Allen et al., 2014).
Microalgal bioassays
Water samples from North Inlet (Clambank Landing, 33.3500°N, 79.1902°W)
were collected in 10-liter carboys during high tide in May, June and November 2014, in
May, June, July, September and October 2015 and in February, April, May, June, July
and September 2016. A volume of 250 ml of water was transferred into 6 Nalgene
square, clear polycarbonate bottles with three bottles for control. In three other bottles,
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volumes of an initial 10 mmol l-1 of nitrate solution (NaNO3) and of an initial 5 mmol l-1
of phosphate solution (NaH2PO4) were added to reach a final concentration of 20 µmol l-1
of nitrate and 10 µmol l-1 of phosphate. All bottles were incubated outside the Belle W.
Baruch Institute for 2 days in water tables covered with two layers of fiberglass screen to
simulate in situ temperature and irradiance (50% of ambient sunlight).
Analyses
The initial nutrient concentrations were measured by collecting 50 ml of water
from the 10-l carboy. The sample was filtered through a 25-mm dia. Whatman GF/F glass
fiber filter and stored in acid-washed Nalgene bottles at -20°C for nutrient analysis.
Ammonium, nitrate + nitrite and phosphate concentrations were determined by using a
Lachat Quickchem 8000T autoanalyzer according to wet chemical methods (Johnson and
Petty 1983; Grasshoff et al. 1999). The initial temperature, salinity and nutrient
concentrations for each bioassay are presented in Table 4.1.
Triplicates of 100 ml of water were collected at time 0 and after the 2-day
incubation to measure the photopigment concentrations. Water was filtered through a 25mm dia. Whatman GF/F glass fiber filter under gentle vacuum. A subset of incubation
dates was randomly selected for size fraction analyses. On those dates, triplicates of 100
ml of water were collected and filtered through a 20 µm mesh before filtration to obtain
the 0-20 µm size-fraction at time 0 and after a 2-day incubation time. All filters were
transferred into 2-ml microcentrifuge tubes and stored at -80°C until photopigment
analysis by high performance liquid chromatography (HPLC). For analysis, filters were
lyophilized for 18 - 24 hours at -50°C then extracted for 12 - 20 hours at -20°C by adding
750 μl of 90% acetone. A volume of 50 µl of the synthetic carotenoid β-apo-8’carotenal,
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used as an internal standard, was also added to the solution. Filtered extracts (250 μl)
were injected into a Shimadzu HPLC with a monomeric column (Rainin Microsorb-MV,
0.46 x 10 cm, 3 µm) and a polymeric (Vydac 201TP54, 0.46 x 25 cm, 5 µm) reverse
phase C18 column. The mobile phase was composed of two solvents; solvent A, 80%
methanol : 20% 0.5 M ammonium acetate and solvent B, 80% methanol : 20% acetone
(Pinckney et al., 1996). Pigment peaks were identified by comparing retention times and
absorption spectra with pigment standards (DHI, Denmark). Photopigments were used as
specific biomarkers for different phytoplankton groups (Higgins et al., 2011) In our
study, fucoxanthin (fuco) was considered as the biomarker for diatoms as diatoms
dominate the other phytoplankton groups such as haptophytes, dinoflagellates,
pelagophytes and chrysophytes in North Inlet. The other pigments of interest
prasinoxanthin (prx), alloxanthin (alx), zeaxanthin (zeax), chlorophyll b (chl b) were
considered biomarkers of prasinophytes, cryptophytes, cyanobacteria and chlorophytes
respectively (Table 4.2). For each bioassay, the response of photopigments relative to the
respective controls was calculated with the following equation:
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = (

𝑝𝑖𝑔𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑝𝑖𝑔𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙

A value lower than 1 referred to a decrease in concentration relative to the controls and a
value higher than 1 referred to an increase in concentration relative to the controls.
For each size-fraction experiment, the contribution of the fraction with cells larger
than 20 µm (> 20 µm) was calculated with the following equation:
[𝑝𝑖𝑔𝑚𝑒𝑛𝑡]>20 µ𝑚 = [𝑝𝑖𝑔𝑚𝑒𝑛𝑡]𝑤ℎ𝑜𝑙𝑒 𝑤𝑎𝑡𝑒𝑟 − [𝑝𝑖𝑔𝑚𝑒𝑛𝑡]<20 µ𝑚

With [pigment] the pigment concentration.
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All homogeneous and normally distributed data were analyzed using parametric
tests (multifactor and multivariate ANOVAs). However, when transformed data were
neither normally distributed nor their variances were homogeneous, non-parametric
Kruskal-Wallis tests were performed. All ANOVA, Kruskal-Wallis and discriminant
analyses were completed using SPSS software 24.0 (IBM Corporation, Armonk, New
York).
4.4 RESULTS
For each bioassay, the addition of nitrate and phosphate enhanced the total
chlorophyll a (chl a) concentration with a significant increase in all nutrient bottles
except in February and May 2016. However, this increase in chl a only exceeded the
common regulatory limit of 40 µg l-1 in October 2015 (Fig. 4.1). All bioassays combined,
the pigments of interest all responded positively (≥ 1) to the addition of nitrate and
phosphate with chl a, chl b and fuco demonstrating the highest response (Table 4.3). The
overall pigment composition was quantitatively different between the control and the
treatment bottles (MANOVA and discriminant analysis, p < 0.001) with the
concentrations of the pigments of interest (fuco, alx, zeax, chl a and b) quantitatively
different as well (Kruskal-Wallis, p < 0.05) (Tables 4.4 and 4.5). All statistical analyses
indicated a shift in the phytoplankton community composition induced by the addition of
nutrients but the scattered points observed in the discriminant analysis suggest a variable
phytoplankton response (Fig. 4.2).
Each season analyzed separately, all pigments of interest had the lowest response
in fall/winter. Fuco, zeax and chl a responded more importantly in spring whereas the
other pigments (alx, prx and chl b) demonstrated the highest response in summer (Table
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4.3). In spring (April, May), summer (June, July and August) and fall/winter (September,
October, November and February) a quantitative difference between the control and the
treatment bottles was observed (MANOVA, p < 0.001). All the pigments of interest were
quantitatively different in spring and in summer except for prx (Kruskal-Wallis, p < 0.05)
but in fall/winter statistical analyses indicated a quantitative difference only for zeax and
fuco (Kruskal-Wallis, p < 0.05) (Table 4.4). Although the discriminant analyses indicated
the formation of two distinct groups each season, a variability in the phytoplankton
response to the addition of nutrients was suggested by the scattered data points (Fig. 4.3).
Pigment compositions of both size-fractions (> 20 µm and < 20 µm) demonstrated
a quantitative difference between the control and the treatment bottles (MANOVA, p <
0.01) (Table 4.5). All the pigments of interest were quantitatively different for the small
size-fraction (Kruskal-Wallis, p < 0.01). However, only fuco and chl a demonstrated a
significant difference for the large size-fraction (Kruskal-Wallis, p < 0.01) (Table 4.5).
The discriminant analysis also demonstrated a quantitatively different response in
photopigments between the control and the nutrient bottles for each size-fraction (p <
0.01) (Fig. 4.4; Table 4.6).
4.5 DISCUSSION
In our study, programs like CHEMTAX were not applied because of the few
number of algal groups present in the samples (e.g. mostly diatoms) in addition to the
uncertainty associated with partitioning into algal groups (Higgins et al. 2011). Only
unique diagnostic pigments were used for the identification of the different
phytoplankton groups and chl a for the phytoplankton biomass.
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The increase in chl a concentration induced by the addition of nutrients rarely
exceeded the common regulatory limit of 40 µg l-1 (Fig. 4.1). However, based on the
changes in the pigment concentrations, MANOVA and discriminant analyses
demonstrated an alteration in the phytoplankton community composition (Tables 4.4 and
4.5; Fig. 4.2). Fuco and zeax, biomarkers of diatoms and cyanobacteria respectively, were
the two photopigments which concentrations increased quantitatively each season (Table
4.3). In Reed et al. (2016) study, the abundance of cyanobacteria and diatoms also
significantly increased with the addition of nitrogen (i.e. urea). Cyanobacteria can uptake
a variety of nitrogen sources whether organic or inorganic including nitrate (Flores and
Herrero 2005). The increase in diatoms could be explained by their ability to store
nutrients, particularly nitrate, thus they often dominate nitrate-rich waters (Clark et al.
2002; Kamp et al. 2015).
However, in our study, discriminant analyses demonstrated an unpredictable
phytoplankton response to the addition of nutrients and no clear shift towards a particular
phytoplankton group (Fig. 4.2 and 4.3). Initial community composition as well as initial
environmental factors may also play an important role in the phytoplankton response. For
example, nitrate assimilation by phytoplankton is a temperature and light dependent
process occurring at a light intense enough to satisfy their energetic requirements
(Domingues et al. 2011; Kamp et al. 2015).
The variation in temperature is also an important factor regulating phytoplankton
size (Paerl and Huisman 2008; Daufresne et al. 2009). While several studies in different
estuaries have established an increase in the abundance of larger cells with the addition of
nutrients (reviewed in Marañón 2015), others observed a high abundance of
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cyanobacteria and phytoflagellates in coastal regions overloaded with nutrients (Bodeanu
and Ruta 1998; Clarke et al. 2008). In our study, although both size-fractions responded
significantly to the addition of nutrients, the smaller size-fraction exhibited a higher
response (Fig. 4.4; Table 4.6). This could be explained by Cloern (2017) suggested that a
15°C threshold should be adjusted; in coastal regions with temperatures higher than
15°C, eutrophication would alter the large diatom communities towards a smaller-sized
community. A shift towards cyanobacteria, not effectively grazed, could result in a
limitation of carbon cycling and a decrease in the dissolved oxygen in the water column
(Paerl et al. 2003). However, our results from the size-fractions showed no shift towards
one particular group, as evidenced in the whole water.
Although the phytoplankton response was variable, major alterations in the
phytoplankton community structure were observed at relatively low levels of nutrient
loading and with chl a concentrations well below the 40-µg l-1 threshold. If the primary
goal of water quality criteria is to maintain ecosystem integrity and function, using an
arbitrary chl a concentration as a metric may not be an ecologically sound approach. As
observed, changes in the community composition occur below the selected threshold.
Furthermore, at a similar chl a concentration, a bloom of centric diatoms would probably
be more desirable than a bloom of toxic cyanobacteria. But the measurement of chl a
alone doesn’t allow the differentiation between both. Like Feirrera et al. (2011) and
Glibert (2017), we suggest that criteria based on phytoplankton abundance should include
consideration of community composition.
One potential solution would be to use the ratios of the abundances of the
different algal groups in combination with total chl a concentrations. For example, the
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ratio of each diagnostic pigment relative to total chl a could be determined for “normal
nutrient” concentrations and used for comparison with ratios at nutrient replete
conditions. These ratios could be derived experimentally (using dilution bioassays) or
empirically, using historical values from comparable undisturbed natural systems.
However, pigment analyses by HPLC are costly and time-consuming. Measurements of
chl a by fluorescence is the most practical and affordable way to obtain the total
phytoplankton biomass. Therefore, a good compromise would be the analyze of
photopigments with a spectrophotometer. Although they cannot separate carotenoids
accurately (e.g. fuco, zeax), new methods are being developed to improve
spectrophotometer resolutions to have an inexpensive alternative to HPLC accessible by
governmental agencies (Thrane et al. 2015).
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Table 4.1 Averaged initial conditions at the collection site
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Table 4.2 List of photopigments and their correspondence to the different phytoplankton groups present in North Inlet (Higgins et al.
2011)
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Table 4.3 Responses to the relative controls of the pigments of interest for each season with N the number of samples and se the
standard error (in grey). A value lower than 1 referred to a decrease in concentration relative to the controls and a value higher than 1
referred to an increase in concentration relative to the controls
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Table 4.4 Results of single-factor MANOVA tests for the effect of nitrate and phosphate
additions on photopigments as well as the results of Kruskal-Wallis (KS) tests for the
effect of nitrate and phosphate additions on each photopigment. Pillai’s trace is the
statistic for the test, F is the F-value, and p is the significance test
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Table 4.5 Results of the discriminant analyses of photopigments with Wilks’ λ the
statistic, p the p-value for hypothesis testing, % variance explained the variance explained
by the first two functions, and % classified correctly the number of samples assigned
correctly to each group (control and NP treatment)
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Table 4.6 Results of single-factor MANOVA tests for the effect of nitrate and phosphate
additions on photopigments for each size fraction as well as the results of Kruskal-Wallis
(KS) tests for the effect of nitrate and phosphate additions on each photopigment. Pillai’s
trace is the statistic for the test, F is the F-value, and p is the significance test
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Table 4.7 Results of the discriminant analyses of photopigments for each size fraction
and each treatment with Wilks’ λ the statistic, p the p-value for hypothesis testing, %
variance explained the variance explained by the first two functions, and % classified
correctly the number of samples assigned correctly to each group (control and NP
treatment)
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Fig 4.1 Total chl a concentrations in the controls (black) and in the treatment bottles with
nitrate and phosphate added (NP) (grey) for each bioassay (mean ± sd). The star
represents significant differences between the control and the treatment bottles (p < 0.05)
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CHAPTER 5
CONCLUSION
The spread of HAB species like Pseudo-nitzschia spp. depends on multiple
environmental factors such as salinity and nutrients (Anderson, 2009). In our study,
salinity played an important role on the abundance of Pseudo-nitzschia spp. and its
toxicity with a correlation with salinity at both sites. We also observed an increase in
dDA allelopathy on phytoplankton and particularly on cryptophytes and diatoms at
higher salinities in North Inlet (i.e. the high salinity site) and lower salinities in Winyah
Bay (i.e. the low salinity site). With these two phytoplankton groups being more sensitive
to high salinity in North Inlet and to low salinity in Winyah Bay, we suggested that dDA
provided Pseudo-nitzschia with a way to outcompete the other phytoplankton at salinities
where the target cells were more salinity-stressed.
These results are essential, as salinity alterations have already been observed with
higher freshening in some regions (e.g. subpolar waters) and an elevation in salinity in
others (e.g. subtropical waters), both predicted to intensify worldwide (IPCC, 2007). An
increase in salinity could lead to a spread of toxic Pseudo-nitzschia species, which release
more dDA at higher salinity and could possibly use it to overcome the other
phytoplankton groups (Anderson, 2009; MacIntyre et al., 2011; Sahraoui et al., 2012;
Bargu et al., 2016; Tas et al., 2016). In case of a decrease in salinity, Pseudo-nitzschia
will still be present at lower salinities. Their survival could depend on DA production and
allelopathy.
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Another parameter also influencing the spread of Pseudo-nitzschia and HAB
species in general is nutrients. Our results demonstrated not only an increase in the
Pseudo-nitzschia abundance with the addition of nitrate and phosphate but also an
increase in the abundance of all phytoplankton groups. We observed a change in the
phytoplankton community composition even though the total concentration of chl a was
lower than the regulatory limit of 40 µg l-1. No shift towards one particular group was
observed but size-fractionation analyses indicated a higher response from small cells
compared to large cells. We suggested that the variation in temperatures also played an
important role in regulating phytoplankton size in eutrophic systems as small cells prefer
higher temperature (Paerl and Huisman 2008; Daufresne et al., 2009; Cloern, 2017).
However, governmental agencies only measure chl a as an indicator of
eutrophication, which poses the problem of an impossible differentiation between two
phytoplankton size-fractions and between blooms of HAB species and non-toxic groups
like cryptophytes. With the relatively expensive cost of HPLC analyses, an alternative
would be to measure the different specific pigments with a spectrophotometer. As of right
now, spectrophotometers cannot separate carotenoids accurately but technology is
advancing to make it possible in the near future (Thrane et al., 2015). However,
microcopy samples will still be necessary to differentiate blooms of non-toxic (e.g.
Cylindrotheca) and of toxic diatom species (e.g. Pseudo-nitzschia). Knowing that
eutrophic conditions can increase drastically HAB biomass, the differentiation between
both is crucial (Anderson et al., 2002; Bužančić et al., 2016; Heisler et al., 2008; Lim et
al., 2017).
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Fortunately, multiple studies, whether field observations or culture experiments,
demonstrated a higher allelopathic activity in nutrient depleted environments (reviewed
in Granéli et al., 2008). This was confirmed in our study, in which the addition of
nutrients increased the abundance of Pseudo-nitzschia but neutralized the influence of
salinity on dDA allelopathy. We suggested that the increase in species richness induced
by the addition of nutrients may have helped reducing the effect of dDA on
phytoplankton when cells were salinity-stressed (Larson and Belovsky, 2013; Sjöqvist
and Kremp, 2016).
Unfortunately, as far as human health and economy are concerned, eutrophic
conditions exacerbate the toxic effects of harmful species with dramatic consequences on
drinking water, fisheries and tourism (Pinckney et al. 2001; Smith and Schlinder 2009;
Chislock et al. 2013). Monitoring changes in salinity and nutrients is essential to
understand their interactions with the biota and to better predict the outcome of these
alterations on the phytoplankton community structure, particularly on HABs.

88

REFERENCES
Allen, D.M., Allen, W.B., Feller, R.F., Plunket, J.S. 2014. Site Profile of the
North Inlet – Winyah Bay National Estuarine Research Reserve. North Inlet – Winyah
Bay National Estuarine Research Reserve, Georgetown, SC, 432 pp.
Anderson, D.M., Glibert, P.M., Burkholder, J.M. 2002. Harmful algal blooms and
eutrophication: nutrient sources, composition, and consequences. Estuaries. 25 (4b), 704726.
Anderson, D.M. 2009. Approaches to monitoring, control and management of harmful
algal blooms (HABs). Ocean. Coast. Manag. 52, 342-347.
Anderson, C.R.; Sapiano, M.R. P., Prasad, M., Bala Krishna; Long, W., Tango, P.J.,
Brown, C.W., Murtugudde, R. 2010. Predicting potentially toxigenic Pseudo-nitzschia
blooms in the Chesapeake Bay. J. Mar. Syst. 83 (3), 127-140.
Bargu, S., Goldstein, S., Roberts, K., Li, C., Gulland, F. 2011. Pseudo-nitzschia blooms,
domoic acid, and related California sea lion strandings in Monterey Bay, California.
Marine Mammal Sc. 28 (2), 237-253
Bargu, S., Baustian, M.M., Rabalais, N.N., Del Rio, R., Von Korff, B., Turner, R.E.
2016. Influence of the Mississippi River on Pseudo-nitzschia spp. abundance and toxicity
in Louisiana coastal waters. Estuar. Coast. 39, 1345-1356.

89

Bates, S. S., de Freitas, A.S.W., Milley, J.E., Pocklington, R., Quilliam, M.A., Smith,
J.C., Worms, J. 1991. Controls on domoic acid production by the diatom Nitzschia
pungens f. multiseries in culture: nutrients and irradiance. Can. J. Fish. Aquat. Sci. 48,
1136-1144.
Bates, S.S., Douglas, D.J., Doucette, G.J., Léger, C. 1995. Enhancement of domoic acid
production by reintroducing bacteria to axenic cultures of the diatom Pseudo-nitzschia
multiseries. Nat. Toxins. 3, 428-435.
Bates, S.S., Garrison, D.L., Horner, R.A. 1998. Bloom dynamics and physiology of
domoic-acid-producing Pseudo-nitzschia species. In: Anderson, D.M., Cembella, A.D.,
Hallegraeff, G.M. (Eds.) Physiological ecology of harmful algal: Review of Pseudonitzschia, domoic acid and ASP 205 blooms. Springer-Verlag, Heidelberg, Amsterdam,
pp. 267-292.
Bates, S.S., Léger, C., Wells, M.L., Hardy, K. 2003. Photodegradation of domoic acid.
In: Bates, S.S. (Ed.) Proceedings of the Eighth Canadian Workshop on Harmful Marine
Algae. Can. Tech. Rep. Fish. Aquat. Sci. pp. 30-35.
Bejarano, A.C., VanDola, F.M., Gulland, F.M., Rowles, T.K., Schwacke, L.H. 2008.
Production and toxicity of the marine biotoxin domoic acid and its effects on wildlife: a
review. Hum. Ecol. Risk. Assess. 14 (3), 544-567.
Bodeanu, N., Uta, G.R. 1998. Development of the planktonic algae in the Romanian
Black Sea sector in 1981–1996. In: Reguera, B., Blanco, J., Fernandez, M.L., Wyatt, T.,
(Eds.) Harmful Algae. Xunta de Galicia and Intergovernmental Oceanographic

90

Commission of United Nations Educational, Scientific and Cultural Organization, Paris,
France, pp.188–191.
Bouillon, R.C., Knierim, T.L., Kieber, R.J., Skrabal, S.A., Wright, J.L. C., 2006.
Photodegradation of the algal toxin domoic acid in natural water matrices. Limnol.
Oceanogr. 51, 321-330.
Bricker, S.B., Clement, C.G., Pirhalla, D.E., Orlando, S.P., Farrow, D.R.G. 1999.
National Estuarine Eutrophication Assessment. Silver Spring, MD: National Ocean
Service, Special Projects Office and the National Centers for Coastal Ocean Science.
Brutemark, A., Vandelannoote, A., Engström-Öst, J., Suikkanen, S. 2015. A less saline
Baltic Sea promotes cyanobacterial growth, hampers intracellular microcystin production,
and leads to strain-specific differences in allelopathy. PLOS One. 10(6), e0128904.
Burić, Z., Viliĉié, D., Mihalić, K.C., Carić, M., Kralj, K., Ljubeŝić, N. 2008. Pseudonitzschia blooms in the Zrmanja River Estuary (Eastern Adriatic Sea). Diatom Res. 23
(1), 51-63.
Burkholder, J.M., Glibert, P.M., Skelton, H.M. 2008. Mixotrophy, a major mode of
nutrition for harmful algal species in eutrophic waters. Harmful Algae. 8, 77-93.
Bužančić, M., Gladan, Z.N., Marasović, I., Kušpilić, G., Grbec, B. 2016. Eutrophication
influence on phytoplankton community composition in three bays on the eastern Adriatic
coast. Oceanologia. 58, 302-316.
Caron, D.A., Gellene, A.G., Smith, J., Seubert, E.L., Campbell, V., Sukhatme, G.S.,
Seegers, B., Jones, B.H., Lie, A.A.Y., Terrado, R., Howard, M.D.A., Kudela, R.M.,
91

Hayashi, K., Ryan, J., Birch, J., Demir-Hilton, E., Yamahara, K., Scholin, C., Mengel,
M., Robertson, G. 2017. Response of phytoplankton and bacterial biomass during a waste
water effluent diversion into nearshore coastal waters. Estuar. Coast. Shelf Sci. 186, 223236.
Caroppo, C., Congestri, R., Bracchini, L., Albertano, P. 2005. On the presence of
Pseudo-nitzschia calliantha Lundholm, Moestrup et Hasle and Pseudo-nitzschia
delicatissima (Cleve) Heiden in the Southern Adriatic Sea (Mediterranean Sea, Italy). J.
Plankton Res. 27, 763-774.
Chislock, M.F., Doster, E., Zitomer, R.A., Wilson, A.E. 2013. Eutrophication: causes,
consequences, and controls in aquatic ecosystems. Nature Educ. Knowl. 4 (4), 10.
Clark, D.R., Flynn, K.J., Owens, N.J.P. 2002. The large capacity for dark nitrateassimilation in diatoms may overcome nitrate limitation of growth. New Phytologist. 155,
101-108.
Clarke, A., Meredith, M.P., Wallace, M.I., Brandon, M.A., Thomas, D.N. 2008. Seasonal
and interannual variability in temperature, chlorophyll and macronutrients in northern
Marguerite Bay, Antarctica. Deep-Sea Res. II 55, 1988-2006.
Cochlan, W.P., Herndon, J., Kudela, R.M. 2008. Inorganic and organic nitrogen uptake
by the toxigenic diatom Pseudo-nitzschia australis (Bacillariophyceae). Harmful Algae.
8, 111-118.
Dame, R.F., Spurrier, J.D., Williams, T.M., Kjerfve, B., Zingmark, R.G., Wolaver, T.G.,
Chrzanowski, T.H., McKellar, H.N., Vernberg, F.J. 1991. Annual material processing by
92

a salt-marsh estuarine-basin in South Carolina, USA. Mar. Ecol. Prog. Ser. 72 (1– 2),
153-166.
Daufresne, M., Lengfellnera, K., Sommer, U. 2009. Global warming benefits the small in
aquatic ecosystems. PNAS 106, 12788-12793.
Dodds, W.K., Bouska, W.W., Eitzmann, J.L., Pilger, T.J., Pitts, K.L., Riley, A.J.,
Schloesser, J.T., Thornbrugh, D.J. 2009. Eutrophication of U.S. freshwaters: analysis of
potential economic damages. Environ. Sci. Technol. 43, 12-19.
Domingues, R.B., Barbosa, A.B., Sommer, U., Galvão, H.M. 2011. Ammonium, nitrate
and phytoplankton interactions in a freshwater tidal estuarine zone: potential effects of
cultural eutrophication. Aquatic Sci. 73, 331-343.
Doucette, G.J., King, K.L., Thessen, A.E. Dortch, Q. 2008. The effect of salinity on
domoic acid production by the diatom Pseudo-nitzschia multiseries. Nova Hedwigia.
133, 31-46.
Downes-Tettmar, N., Rowland, S., Widdicombe, C., Woodward, M., Llewellyn, C. 2013.
Seasonal variation in Pseudo-nitzschia spp. and domoic acid in the Western English
Channel. Cont. Shelf. Res. 53, 40-49.
Du, X., Peterson, W., Fisher, J., Hunter, M., Peterson, J. 2016. Initiation and Development
of a toxic and persistent Pseudo-nitzschia bloom off the Oregon coast in spring/summer
2015. PLOS One. 11 (10), e0163977.
Falk, M., Seto, P. F., Walter, J. A. 1991. Solubility of domoic acid in water and in nonaqueous solvents. Can. J. Chem. 69, 1740-1744.
93

Felhing, J., Davidson, K., Bates, S.S. 2005. Growth dynamics of non-toxic Pseudonitzschia delicatissima and toxic P. seriata (Bacillariophyceae) under simulated spring
and summer photoperiods. Harmful Algae. 4, 763-769.
Fernandes, L.F., Hubbard, K.A., Richlen, M.L., Smith, J., Bates, S.S., Ehrman, J., Léger,
C., Mafra, L.L., Kulis, D., Quilliam, M., Libera, K., McCauley, L., Anderson, D.M.
2014. Diversity and toxicity of the diatom Pseudo-nitzschia Peragallo in the Gulf of
Maine, Northwestern Atlantic Ocean, Deep-Sea Res. II 103, 139-162.
Ferreira, J.G., Andersen, J.H., Borja, A., Bricker, S.B., Camp, J., Cardoso da Silva, M.,
Garcés, E., Heiskanen, A.S., Humborg, C., Ignatiades, L., Lancelot, C., Menesguen, A.,
Tett, P., Hoepffner, N., Claussen, U. 2011. Overview of eutrophication indicators to
assess the environmental status within the European Marine Strategy Framework
Directive. Estuar. Coast. Shelf Sci. 93, 117-131.
Finkel, Z.V., Beardall, J., Flynn, K.J., Quigg, A., Rees, T.A.V., Raven, J.A. 2010.
Phytoplankton in a changing world: cell size and elemental stoichiometry. J. Plankton
Res. 32, 119-137.
Fisher, J.M., Reese, J.G., Pellechia, P.J., Moeller, P.L., Ferry, J.L. 2006. Role of Fe (III),
phosphate, dissolved organic matter, and nitrate during the photodegradation of domoic
acid in the marine environment. Environ. Sci. Technol. 40, 2200-2205.
Fistarol, G.O., Legrand, C., Granéli, E., 2005. Allelopathic effect on a nutrient-limited
phytoplankton species. Aquat. Microb. Ecol. 41 (2), 153-161.

94

Flores, E., Herrero, A. 2005. Nitrogen assimilation and nitrogen control in cyanobacteria.
Biochem. Soc. Trans. 33, 164-167.
Flynn, K.J., Mitra, A. 2009. Building the “perfect beast”: modelling mixotrophic
plankton. J. Plankton Res. 31, 965-992.
Glibert, P. 2017. Eutrophication, harmful algae and biodiversity — Challenging
paradigms in a world of complex nutrient changes. Marine Poll. Bull. 124, 591-606.
Gordon, A.R., Richardson, T.L., Pinckney, J.L. 2015. Ecotoxicology of bromoacetic acid
on estuarine phytoplankton. Environ. Pollut. 206, 369-375.
Granéli, E., Turner, J.T. 2006. An introduction to harmful algae. In: Granéli, E., Turner,
J.T. (Eds.) Ecology of harmful algae. Ecological Studies, Volume 189. pp. 3-7.
Granéli, E., Weberg, M., Salomon, P.S. 2008. Harmful algal blooms of allelopathic
microalgal species: The role of eutrophication. Harmful Algae. 8, 94-102.
Grasshoff, K.K., Kremling, K., Ehrhardt, M. 1999. Methods of Seawater Analysis, Wiley
VCH Verlag GmbH Publishers, Weinheim, Germany, 634 pp.
Hagström, J.A., Granéli, E., Maneiro, I., Barreiro, A., Petermann, A., Svensen, C. 2007.
Release and degradation of amnesic shellfish poison from decaying Pseudo-nitzschia
multiseries in presence of bacteria and organic matter. Harmful Algae. 6, 175-188.
Heisler, J., Glibert, P.M., Burkholder, J.M., Anderson, D.M., Cochlan, W., Dennison,
W.C., Dortch, Q., Gobler, C.J., Heil, C.A., Humphries, E., Lewitus, A., Magnien, R.,
Marshall, H.G., Sellner, K., Stockwell, D.A., Stoecker, D.K., Suddleson, M. 2008.
95

Eutrophication and harmful algal blooms: A scientific consensus. Harmful Algae. 8, 313.
Hickey, B.M., Trainer, V.L., Kosro, P.M., Adams, N.G., Connolly, T.P. Kachel, N.B.,
Geier, S.L. 2013. A springtime source of toxic Pseudo-nitzschia cells on razor clam
beaches in the Pacific Northwest. Harmful Algae. 25, 1-14.
Higgins, H.W., Wright, S.W., Schlüter, L. 2011. Quantitative interpretation of
chemotaxonomic pigment data. In: Roy, S., Llewellyn, C., Egeland, E.S., Johnsen, G.
(Eds.) Phytoplankton Pigments - Characterization, Chemotaxonomy and Applications in
Oceanography, Cambridge University Press, Cambridge, United Kingdom, pp. 257-313.
Hubbard, K.A., Olson, C.E., Armbrust, E.V. 2014. Molecular characterization of Pseudonitzschia community structure and species ecology in a hydrographically complex
estuarine system (Puget Sound, Washington, USA). Mar. Ecol. Prog. Ser. 507, 39-55.
IPCC, 2001. Climate Change 2001: The Scientific Basis. Contribution of Working Group
I to the Third Assessment Report of the Intergovernmental Panel on Climate Change.
In: Houghton, J.T., Ding, Y., Griggs, D.J., Noguer, M., van der Linden, P.J., Dai, X.,
Maskell, K., Johnson, C.A. (Eds.) Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 881 pp.
IPCC, 2007. Climate Change 2007: The Physical Science Basis. Contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. In: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B.,

96

Tignor, M., Miller, H.L. (Eds.) Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, pp. 385-433.
Jackson, A.E., Ayer, S.W., Laycock, M.V., 1992. The effect of salinity on growth and
amino acid composition in the marine diatom Nitzschia pungens. Can. J. Bot. 70(11),
2198-2201.
Jeffery, B., Barlow, T., Moizer, K., Paul, S., Boyle, C. 2014. Amnesic shellfish poison.
Food Chem. Toxicol. 42, 545-557.
Johnson, K.S., Petty, R.L. 1983. Determination of nitrate and nitrite in seawater by flow
injection analysis. Limnol. Oceanogr. 28, 1260-1266.
Kaczmarska, I., Martin, J.L., Ehrman, J.M., Legresley, M.M. 2007. Pseudo-nitzschia
species population dynamics in the Quoddy Region, Bay of Fundy. Harmful Algae. 6,
861-874.
Kamp, A., Høgslund, S., Risgaard-Petersen, N., Stief, P. 2015. Nitrate storage and
dissimilatory nitrate reduction by eukaryotic microbes. Front. Microbiol. 6, 1492-1507.
Kawaguchi, T., Wahl, M.H., Aelion, C.M., McKellar, H.N. 1994. Organically-bound
ferrous iron (org.-Fe(II)) as an indicator of ecosystem health: a comparison of suburbanized
and forested streams in the southeastern US. J. Environ. Sci. Health A. 29, 1761-1776.
Keating, K.I. 1977. Allelopathic influence on blue-green plant sequence in a eutrophic lake.
Science. 196, 885-886.

97

Kim, J., Park, B., Kim, J., Wang, P., Han, M. 2015. Intraspecifica diversity and distribution
of the cosmopolitan species Pseudo-nitzschia pungens (Bacillariophyceae): morphology,
genetics and ecophysiology of the three clades. J. Phycol. 51, 159-172.
Kirst, G.O. 1989. Salinity tolerance of eukaryotic marine algae. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 40, 21-53.
Kleivdal, H., Kristiansen, S.I., Nilsen, M.V., Goksøyr, A., Briggs, L., McNabb, P.,
Holland, P. 2007. Determination of Domoic acid Toxins in Shellfish by Biosense ASP
ELISA - A direct competitive enzyme-linked immunosorbent assay: Collaborative study.
J. AOAC Int. 90 (4), 101-127.
Kudela, R.M. 2017. What’s for dinner? Persistent and extensive domoic acid
contaminations in the food web before, during and after the 2015 mega-bloom in
California. 9th US Harmful Algal Bloom Conference, Baltimore, MD.
Larson, C.A., Belovsky, G.E. 2013. Salinity and nutrients influence species richness and
evenness of phytoplankton communities in microcosm experiments from Great Salt Lake,
Utah, USA. J. Plankton Res. 35 (5), 1154-1166.
Latasa, M. 2007. Improving estimations of phytoplankton class abundances using
CHEMTAX. Mar. Ecol. Prog. Ser. 329, 13-21.
Lawrenz, E., Pinckney, J.L., Ranhofer, M.L., MacIntyre, H.L., Richardson, T.L. 2010.
Spectral irradiance and phytoplankton community composition in a blackwater-dominated
estuary, Winyah Bay, South Carolina, USA. Estuar. Coast. 33, 1186-1201.

98

Lawrenz, E., Smith, E.M., Richardson, T.L. 2013. Spectral irradiance, phytoplankton
community composition and primary productivity in a salt marsh estuary, North Inlet,
South Carolina, USA. Estuar. Coast. 36, 347-364.
Legrand, C., Rengefors, K., Fistarol, G. O., Granéli, E. 2003. Allelopathy in phytoplankton
- biochemical, ecological and evolutionary aspects. Phycologia. 42, 406-419.
Lelong, A., Hégaret, H., Soudant, P., Bates, S.S. 2012. Pseudo-nitzschia
(Bacillariophyceae) species, domoic acid and amnesic shellfish. Phycologia. 51, 168-216.
Lelong, A., Bucciarelli, E., Hégaret, H., Soudant, P. 2013. Iron and copper limitations
differently affect growth rates and photosynthetic and physiological parameters of the
marine diatom Pseudo-nitzschia delicatissima. Limnol. Oceanogr. 58 (2), 613-623.
Lewitus, A.J., Koepfler, E.T., Morris, J.T. 1998. Seasonal variation in the regulation of
phytoplankton by nitrogen and grazing in a salt-marsh estuary. Limnol. Oceanogr. 43,
636-646.
Lewitus, A.J., White, D.L., Tymowski, R.G., Geesey, M.E., Hymel, S.N., Noble, P.A.
2005. Adapting the CHEMTAX method for assessing phytoplankton taxonomic
composition in Southeastern U.S. Estuaries. Estuaries. 28, 160-172.
Lewitus, A.J., Kawaguchi, T., DiTullio, G.R., Keesee, J.D.M. 2004. Iron limitation of
phytoplankton in an urbanized vs. forested southeastern U.S. salt marsh estuary. J. Exp.
Mar. Biol. Ecol. 298, 233-254.

99

Liefer, J.D., Robertson, A., MacIntyre, H.L., Smith, W.L., Dorsey, C.P. 2013.
Characterization of a toxic Pseudo-nitzschia spp. bloom in the Northern Gulf of Mexico
associated with domoic acid accumulation in fish. Harmful Algae. 26, 20-32.
Lim, J.H., Lee, C.W. 2017. Effects of eutrophication on diatom abundance, biovolume
and diversity in tropical coastal waters. Environ. Monit. Assess. 189, 432-442.
Liu, H., Kelly, M.S., D.A., Campbell, J., Fang, J., Zhu. 2008. Accumulation of domoic acid
and its effect on juvenile king scallop Pecten maximus (Linnaeus, 1758). Aquaculture. 284,
224-230.
Loureiro, S., Jauzein, C., Garcés, E., Collos, Y., Camp, J., Vaqué, D. 2009. The
significance of organic nutrients in the nutrition of Pseudo-nitzschia delicatissima
(Bacillariophyceae). J. Plankton Res. 31, 399-410.
Lund, J.W., Kipling, C., LeCren, E.D. 1958. The inverted microscope method of
estimating algal numbers and statistical basis of estimations by counting. Hydrobiologia.
11, 143-170.
Lundholm, N., Skovi, J., Pocklington, R., Moestrup, O. 1997. Studies on the marine
planktonic diatom Pseudo-nitzschia. 2. Autecology of P. pseudodelicatissima based on
isolates from Danish coastal waters. Phycologia. 36 (5), 381-388.
Lundholm, N., Hansen, P.J., Kotaki, Y. 2004. Effect of pH on growth and domoic acid
production by potentially toxic diatoms of the genera Pseudo-nitzschia and Nitzschia.
Mar. Ecol. Prog. Ser. 273, 1-15.

100

Lundholm, N., Hansen, P.J., Kotaki, Y. 2005. Lack of allelopathic effects of the domoic
acid-producing marine diatom Pseudo-nitzschia multiseries. Mar. Ecol. Prog. Ser. 288,
21-33.
Mackey, M.D., Mackey, D.J., Higgins, H.W., Wright, S.W. 1996. CHEMTAX—a
program for estimating class abundance from chemical markers: Application to HPLC
measurements of phytoplankton. Mar. Ecol. Prog. Ser. 144, 265-286.
MacIntyre, H.L., Stutes, A.L., Smith, W.L., Dorsey, C P., Abraham, A., Dickey, R.W.
2011. Environmental correlates of community composition and toxicity during a bloom
of Pseudo-nitzschia spp. in the northern Gulf of Mexico. J. Plankton Res. 33(2), 273-295.
Maldonado, M.T., Hughes, M.P., Rue, E.L., Wells, M.L. 2002. The effect of Fe and Cu
on growth and domoic acid production by Pseudo-nitzschia multiseries and Pseudonitzschia australis. Limnol. Oceanogr. 47, 515-526.
Marañón, E. 2015. Cell size as a key determinant of phytoplankton metabolism and
community structure Annu. Rev. Mar. Sci. 7, 241-264.
Marchetti, A., Maldonado, M.T., Lane, E.S., Harrison, P.J. 2006. Iron requirements of the
pennate diatom Pseudo-nitzschia: Comparison of oceanic (high-nitrate, low-chlorophyll
waters) and coastal species. Limnol. Oceanogr. 51, 2092-2101.
Martin-Jézéquel, V., Calu, G., Candela, L., Amzil, Z., Jauffrais, T., Séchet, V., Weigel, P.
2015. Effects of organic and inorganic nitrogen on the growth and production of domoic
acid by Pseudo-nitzschia multiseries and P. australis (Bacillariophyceae) in culture. Mar.
Drugs 13, 7067-7086.
101

McCabe, R.M., Hickey, B.M., Kudela, R.M., Lefebvre, K.A., Adams, N.G., Bill, B.D.,
Gulland, F.M.D., Thomson, R.E., Cochlan, W.P., Trainer, V.L. 2016. An unprecedented
coastwide toxic algal bloom linked to anomalous ocean conditions. Geophysical Res.
Letters. 43 (19), 10366-10376.
Méndez, S.M., Ferrario, M., Cefarelli, A.O. 2012. Description of toxigenic species of the
genus Pseudo-nitzschia in coastal waters of Uruguay: morphology and distribution.
Harmful Algae. 19, 53-60.
Miller, W. L., Kester, D. 1994. Photochemical iron reduction and iron bioavailability in
seawater. J. Mar. Res. 52, 325-343.
Mos, L. 2001. Domoic acid: a fascinating marine toxin. Environmental Toxicology and
Pharmacol. 9, 79-85.
Nixon, S.W. 1995. Coastal marine eutrophication: a definition, social causes, and future
concerns. Ophelia 41, 199-219.
Pan, Y., Bates, S.S., Cembella, A.D. 1998. Environmental stress and domoic acid
production by Pseudo-nitzschia: a physiological perspective. Nat. Toxins. 6, 127-135.
Parsons, M.L., Dortch, Q., Turner, R.E. 2002. Sedimentological evidence of an increase
in Pseudo-nitzschia (Bacillariophyceae) abundance in response to coastal eutrophication.
Limnol. Oceanogr. 47, 551-558.
Patchineelam, S. M., Kjerfve, B. 2004. Suspended sediment variability on seasonal and
tidal time scales in the Winyah Bay estuary, South Carolina, USA. Estuar. Coast. Shelf Sci.
59, 307-318.
102

Paerl, H.W. 2006. Assessing and managing nutrient-enhanced eutrophication in estuarine
and coastal waters: Interactive effects of human and climatic perturbations. Ecol. Eng. 26,
40-54.
Peñuelas, J., Sardans, J., Estiarte, M., Ogaya, R., Carnicer, J., Coll, M., Barbeta, A.,
Rivas-Ubach, A., Llusià, J., Garbulsky, M., Filella, I., Jump, A.S. 2013. Evidence of
current impact of climate change on life: A walk from genes to the biosphere. Global
Change Biol. 19 (8), 2303-2338.
Perl, T.M., Bédard, L., Kosatsky, T., Hockin, J.C., Todd, E.C.D., Remis, R.S. 1990.
An outbreak of toxic encephalopathy caused by eating mussels contaminated with
domoic acid. N. Engl. J. Med. 322, 1775-1780.
Pinckney, J.L., Millie, D.F., Howe, K.E., Paerl, H.W., Hurley, J.P. 1996. Flow
scintillation counting of 14C-labeled microalgal photosynthetic pigments. J. Plankton Res.
18, 1867-1910.
Pinckney, J.L., Paerl, H.W., Tester, P., Richardson, T.L. 2001. The role of nutrient
loading and eutrophication in estuarine ecology. Environ. Health Perspect. 109, 699-706.
Pinckney, J.L., Thompson, L., Hylton, S. 2017. Triclosan alterations of estuarine
phytoplankton community structure. Mar. Pollut. Bull. 119 (1), 162-168.
Poulson-Ellestad, K.L., Jones, C.M., Roy, J., Viant, M.R., Fernández, F.M., Kubanek, J.,
Nunn, B.L. 2014. Metabolomics and proteomics reveal impacts of chemically mediated
competition on marine plankton. PNAS. 111, 9009-9014.

103

Prince, E.K., Myers, T.L., Kubanek, J. 2008. Effects of harmful algal blooms on
competitors: Allelopathic mechanisms of the red tide dinoflagellate Karenia brevis.
Limnol. Oceanogr. 53 (2), 531-541.
Prince, E.K., Irmer, F., Pohnert, G. 2013. Domoic acid improves the competitive ability
of Pseudo-nitzschia delicatissima against the diatom Skeletonema marinoi. Mar. Drugs.
11, 2398-2412.
Pulido, O.M. 2008. Domoic acid toxicologic pathology: a review. Mar. Drugs. 6, 180219.
Rabalais, N.N., Turner, R.E., Díaz, R.J., Justić, D. 2009. Global change and
eutrophication of coastal waters. ICES J. Mar. Sci. 66, 1528-1537.
Rai, V.K. 2002. Role of amino acids in plant responses to stresses. Biol. Plantarum. 45
(4), 481-487.
Reed, M.L., Pinckney, J.L., Keppler, C.J., Brock, L.M., Hogan, S.B., Greenfield, D.I.
2016. The influence of nitrogen and phosphorus on phytoplankton growth and
assemblage composition in four coastal, southeastern USA systems Estuar. Coast. Shelf
Sci. 177, 71-82.
Rice, E.I. 1984. Allelopathy. Edition 2. Academic Press, New York, United States, pp.
424.
Rines, J.E.B., Donaghay, P.L., Dekshenieks, M.M., Sullivan, J.M., Twardowski, M.S.
2002. Thin layers and camouflage: hidden Pseudo-nitzschia spp. (Bacillariophyceae)

104

populations in a fjord in the San Juan Islands, Washington, USA. Mar. Ecol, Prog, Ser.
225, 123-137.
Roubeix, V., Lancelot, C. 2008. Effect of salinity on growth, cell size and silicification
on an euryhaline freshwater diatom: Cyclotella meneghiniana Kütz. Transit. Waters Bull.
1, 31-38.
Roy, S. 2015. Importance of allelopathy as pseudo-mixotrophy for the dynamics and
diversity of phytoplankton. In: Biodiversity in Ecosystems - Linking Structure and
Function. INTECH, pp. 17-28.
Rue, E., Bruland, K. 2001. Domoic acid binds iron and copper: a possible role for the
toxin produced by the marine diatom Pseudo-nitzschia. Mar. Chem. 76, 127-134.
Sahraoui, I., Grami, B., Bates, S.S., Bouchouicha, D., Chikhaoui, M.A., Mabrouk, H.H.,
Hlaili, A.S. 2012. Response of potentially toxic Pseudo-nitzschia (Bacillariophyceae)
populations and domoic acid to environmental conditions in a eutrophied, SW
Mediterranean coastal lagoon (Tunisia). Estuar. Coast. Shelf Sci. 102, 95-104.
Sarmiento, J., Slater, R.D., Barber, R., Bopp, L., Doney, S.C., Hirst, A.C., Kleypas, J.,
Matear, R., Mikolajewicz, U., Monfray, P., Soldatov, V., Spall, S.A., Stouffer, R. 2004.
Response of ocean ecosystems to climate warming. Global Biogeochem. Cycles. 18, 123.
Sawant, P. M., Weare, B. A., Holland, P. T., Selwood A. I., King, K. L., Mikulski, C. M.,
Doucette, G. J., Mountfort, D. O., Kerr, D. S. 2007. Isodomoic acids A and C exhibit low

105

KA receptor affinity and reduced in vitro potency relative to domoic acid in region CAl
of rat hippocampus. Toxiconol. 50, 627-638.
Sawant, P. M., Tyndall, J. D. A., Holland, P. T., Peake, B. M., Mountfort, D. O., Kerr, D.
S. 2010. In vivo seizure induction and affinity studies of domoic acid and isodomoic
acids -D, -E and -F. Neuropharmacol. 59, 129-138.
Schnetzer, A., Miller, P.E., Schaffner, R.A., Stauffer, B.A., Jones, B.H., Weisberg, S.B.,
DiGiacomo, P.M., Berelson, W.M., Caron, D.A., 2007. Blooms of Pseudo-nitzschia and
domoic acid in the San Pedro Channel and Los Angeles harbor areas of the Southern
California Bight, 2003–2004. Harmful Algae. 6, 372-387.
Schnetzer, A., Lampe, R.H., Benitez-Nelson, C.R., Marchetti, A., Osburn, C.L., Tatters,
A.O. 2017. Marine snow formation by the toxin-producing diatom, Pseudo-nitzschia
australis. Harmful Algae. 61, 23-30.
Schlüter, L., Møhlenberg, F., Havskum, H., Larsen, S. 2000. The use of phytoplankton
pigments for identifying and quantifying phytoplankton groups in coastal areas: testing
the influence of light and nutrients on pigment/chlorophyll a ratios. Mar. Ecol. Prog. Ser.
192, 49-63.
Sekula-Wood, E., Benitez-Nelson, C., Morton, S., Anderson, C., Burrell, C., Thunell, R.
2011. Pseudo-nitzschia and domoic acid fluxes in Santa Barbara Basin (CA) from 1993
to 2008. Harmful Algae. 10, 567-575.
Seltenrich, N. 2014. Keeping Tabs on HABs: New Tools for Detecting, Monitoring, and
Preventing Harmful Algal Blooms. Environ. Health Perspect. 122 (8), 206-213.
106

Shuler, A. J., Paternoster, J., Brim, M., Nowocin, K., Tisdale, T., Neller, K., Cahill, J. A.,
Leighfield, T. A., Fire, S., Wanga, Z., Morton, S. 2012. Spatial and temporal trends of the
toxic diatom Pseudo-nitzschia in the Southeastern Atlantic United States. Harmful Algae.
17, 6-13.
Sison-Mangus, M.P., Jiang, S., Tran, K.N., Kudela, R.M. 2014. Host-specific adaptation
governs the interaction of the marine diatom, Pseudo-nitzschia and their microbiota.
ISME J. 8, 63-76.
Sjöqvist, C.O., Kremp, A. 2016. Genetic diversity affects ecological performance and
stress response of marine diatom populations. The ISME J. 10, 2755-2766.
Śliwińska-Wilczewska, S., Pniewski, F., Latała, A. 2016. Allelopathic activity of the
picocyanobacterium Synechococcus sp. under varied light, temperature, and salinity
conditions. Int, Rev. Hydrobiol. 101, 69-77.
Smith, V.H., Schindler, D.W. 2009. Eutrophication science: Where do we go from here?
Trends Ecol. Evol. 24 (4), 201-207.
Sobrinho, B.F., de Camargo, L.M., Sandrini-Neto, L., Kleemann, C.R., da Costa
Machado, E., Mafra, L.L. 2017. Growth, toxin production and allelopathic effects of
Pseudo-nitzschia multiseries under iron-enriched conditions. Mar. Drugs. 15, 331-347.
South Carolina Sea Grant Consortium. 1992. Characterization of the physical, chemical
and biological conditions and trends in three South Carolina Estuaries: 1970–1985. South
Carolina Sea Grant Consortium, Charleston, USA, 15 pp.

107

Stewart, J.E. 2008. Bacterial involvement in determining domoic acid levels in Pseudonitzschia multiseries cultures. Aquat. Microb. Ecol. 50, 135-144.
Subba Rao, D. V., Pan, Y., Smith, S. J. 1995. Allelopathy between Rhizosolenia alata
(Brightwell) and the toxigenic Pseudo-nitzschia pungens f. muliseries (Hasle). In: Lassus,
P., Arzul, G., Erard, E., Gentien, P. and Marcaillou, C. (Eds.) Harmful Marine Algal
Blooms. Lavoisier, Paris, France, pp. 681-686.
Sun, J., Hutchins, D.A., Feng, Y., Seubert, E.L., Caron, D.A., Fu, F. 2011. Effects of
changing pCO2 and phosphate availability on domoic acid production and physiology of
the marine harmful bloom diatom Pseudo-nitzschia multiseries. Limnol. Oceanogr. 56,
829-840.
Tas, S., Dursun, F., Aksu, A., Balkis, N. 2016. Presence of the diatom genus Pseudonitzschia and particulate domoic acid in the Golden Horn Estuary (Sea of Marmara,
Turkey). Diatom Res. 31 (4), 339-349.
Teng, S.T., Tan, S.N., Lim, H.C., Dao, V.H., Bates, S.S., Leaw, C.P. 2016. High diversity
of Pseudo-nitzschia along the northern coast of Sarawak (Malaysian Borneo), with
descriptions of P. bipertita sp. nov. and P. limii sp. nov. (Bacillariophyceae). J. Phycol.
52 (6), 973-989.
Thessen, A.E., Dortch, Q., Parsons, M.L., Morrison, W. 2005. Effect of salinity on
Pseudo-nitzschia species (Bacillariophyceae) growth and distribution. J. Phycol. 41, 2129.

108

Thessen, A.E., Stoecker, D.K. 2008. Distribution, abundance and domoic acid analysis of
the toxic diatom genus Pseudo-nitzschia from the Chesapeake Bay. Estuar. Coast. 31,
664-672.
Thrane, J., M. Kyle, M. Striebel, S. Haande, M. Grung, T. Rohrlack and T. Andersen.
2015. Spectrophotometric analysis of pigments: A critical assessment of a highthroughput method for analysis of algal pigment mixtures by spectral deconvolution.
PLOS One 10 (9), e0137645.
Trainer, V.L., Hickey, B.M.H., Bates, S.S. 2007. Diatoms. In: Walsh, P.J., Smith, S.L.,
Fleming, L.E., Solo-Gabriele, H., Gerwick, W.H. (Eds.), Oceans and human health: Risks
and remedies from the sea. Elsevier Science Publishers, pp. 219-238.
Trainer, V.L., Hickey, B.M., Lessard, E.J., Cochlan, W.P., Trick, C.G., Wells, M.L.,
MacFadyen, A., Moore, S.K. 2009. Variability of Pseudo-nitzschia and domoic acid in
the Juan de Fuca eddy region and its adjacent shelves. Limnol. Oceanogr. 54 (1), 289308.
Trainer, V.L., Bates, S.S., Lundholm, N., Thessen, A.E., Cochlan, W.P., Adams, N.G.,
Trick, C.G. 2012. Pseudo-nitzschia physiological ecology, phylogeny, toxicity,
monitoring and impacts on ecosystem health. Harmful Algae. 14, 271-300.
Trainer, V.L. (Ed.) 2017. Conditions promoting extreme Pseudo-nitzschia events in the
Eastern Pacific but not the Western Pacific. PICES Sci. Rep. No. 53, 52 pp.
Todd, E.C.D. 1993. Domoic acid and Amnesic Shellfish Poisoning: a review. J. Food
Prot. 56, 69-83.
109

Trick, C. G., Bill, B. D., Cochlan, W. P., Wells, M. L., Trainer, M. L., Pickell, L. D. 2010.
Iron enrichment stimulates toxic diatom production in high-nitrate, low-chlorophyll areas.
PNAS. 107 (13), 5887-5892.
Van Dolah, F.M. 2000. Marine algal toxins: origins, health, effects, and their increased
occurrence. Environ. Health Perspect. 108, 133-141.
Van Meerssche, E., Pinckney, J.L. 2017. The influence of salinity in the domoic acid effect
on estuarine phytoplankton communities. Harmful Algae. 69, 65-74.
Visciano, P., Schirone, M., Berti, M., Milandri, A., Tofalo, R., Suzzi, G. 2016. Marine
biotoxins: Occurrence, toxicity, regulatory limits and reference methods. Front. Microbiol.
7, 1051.
Wells, M.L., Trick, C.G., Cochlan, W.P., Hughes, M.P., Trainer, V.L. 2005. Domoic acid:
The synergy of iron, copper, and the toxicity of diatoms. Limnol. Oceanogr. 50 (6), 19081917.
Wetz, M.S., Hayes, K.C., Lewitus, A.J., Wolny, J.L., White, D.L. 2006. Variability in
phytoplankton pigment biomass and taxonomic composition over tidal cycles in a salt
marsh estuary. Mar. Ecol. Prog. Ser. 320, 109-120.
White, D.L., Porter, D.E., Lewitus, A.J. 2004. Spatial and temporal analyses of water
quality and phytoplankton biomass in an urbanized versus a relatively pristine salt marsh
estuary. J. Exp. Mar. Biol. Ecol. 298, 255-273.

110

Whitall, D., Bricker, S., Ferreira, J., Nobre, A.M., Simas, T., Silva, M. 2007. Assessment
of eutrophication in estuaries: pressure–state–response and nitrogen source
apportionment. Environ. Manage. 40, 678-690.
Windust, A.J. 1992. The response of bacteria, microalgae and zooplankton to the diatom
Nitzschia pungens forma multiseries, and its toxic metabolite domoic acid. MSc thesis,
Dalhousie University, Halifax, Nova Scotia.
Wolaver, T.G., Johnson, W., Marozas, M. 1984. Nitrogen and phosphorus concentrations
within North Inlet, South Carolina – speculations as to sources and sinks. Estuar. Coast.
Shelf Sci. 19, 243-255.
Wright, J.L.C., Boyd, R.K., de Freitas, A.S.W., Falk, M., Foxall, R.A., Jamieson, W.D.,
Laycock, M.V., McCulloch, A.W., McInnes, A.G., Odense, P., Pathak, V.P., Quilliam,
M.A., Ragan, M.A., Sim, P.G., Thibault, P., Walter, J.A., Gilgan, M., Richard, D.J.A.,
Dewar, D. 1989. Identification of domoic acid, a neuroexcitatory amino acid, in toxic
mussels from eastern Prince Edward Island. Can. J. Chem. 67 (3), 481-490.
Xu, N., Zhong Tang, Y., Qin, J., Duan, S., Gobler, C.J. 2015. Ability of the marine
diatoms Pseudo-nitzschia multiseries and P. pungens to inhibit the growth of cooccurring phytoplankton via allelopathy. Aquat. Microb. Ecol. 74, 29-41.
Zou, J.Z., Zhou, M.J., Zhang, C., 1993. Ecological features of toxic Nitzschia pungens
Grunow in Chinese coastal waters. In: Smayda, T.J., Shimizu, Y. (Eds.) Toxic
Phytoplankton Blooms in the Sea. Elsevier Science Publishers, pp. 651-656.

111

APPENDIX A – PERMISSION TO REPRINT
Table A.1 Author’s copyright information from Elsevier, the publisher of Harmful Algae.

112

